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ABSTRACT 
 
The techniques mostly used to decontaminate air as well as water pollutants have 
drawbacks in terms of higher costs, require secondary treatment, and some methods are very 
slow. So, emphasis has been given to water though the use of photocatalysts, which break 
organic pollutants to water and carbon dioxide and leave no trace of by-products at the end. 
Photocatalytic remediation aligns with the waste and wastewater industries’ zero waste schemes 
with lower cost, eco-friendly and sustainable treatment technology. The commonly used 
photocatalysts such as titanium oxide (TiO2), zinc oxide (ZnO), tungsten oxide (WO3) have band 
gap of nearly 3.2 eV. The lower energy band-gap of a semiconductor makes it a better 
photocatalyst. The major drawbacks of photocatalysts are its inefficiency to work under visible 
light and high photocorrosion which limits its uses. These limitations can be mitigated through 
dopants and the formation of varying morphologies like nanowires, nanoparticles, nanotubes etc. 
Several organic pollutants are insoluble in water, which inhibits the pollutant (insoluble) to come 
in contact with photocatalytic material thus hindering remediation characteristic of a 
photocatalyst. Binder material used to immobilize the photocatalytic material tends to 
decompose due to oxidative and reduction reactions around the photocatalyst which causes the 
loss of photocatalytic material.  
This investigation displays the advantage of organic remediation in visible radiation 
using graphene (G) doped TiO2 nanoparticles and nanowires. The nanostructured G-TiO2 
nanoparticles and G-TiO2 nanowires were synthesized using sol-gel and hydrothermal methods. 
xi 
 
The nanostructured materials were characterized using scanning electron microscopy (SEM), 
Transmission electron microscopy (TEM), X-ray diffraction (XRD), UV-visible spectroscopy 
(UV-vis), Fourier transform infrared spectroscopy (FTIR) and particle analyser procedures. The 
remediation of organic compounds (methyl orange) in water was achieved under visible radiation 
using graphene doped nanostructured photocatalytic materials. The sol-gel synthesized G-TiO2 
nanoparticles has shown complete remediation of methyl orange (MO) in less than four hours, 
thus displaying enhanced photocatalytic activity achieved through graphene doping on TiO2 
nanostructures  
The dopant and structure introduced in zinc oxide (ZnO) nanomaterials bring foundation 
for enhanced photocatalytic activity due to lowering of the band gap, and decreasing of 
photocorrosion through delaying of electron-hole recombination. The challenge to synthesize 
both nanowire and nanoparticle structures of ZnO doped with graphene (G) are carried out by 
simple and cost effective hydrothermal as well as super saturation precipitation techniques, 
respectively. Various nanostructures of ZnO have been synthesized using precipitation and 
hydrothermal methods are ZnO nanoparticles, G doped ZnO nanoparticles, ZnO nanowires, G 
doped ZnO nanowires, TiO2 seeded ZnO nanowires and G doped TiO2 seeded ZnO nanowires 
The synthesized ZnO based nanostructures were characterized using SEM, TEM, XRD, UV-vis, 
FTIR and particle analyser methods respectively. The standard organic pollutant methyl orange 
(MO) dye was employed in the water to understand the effective remediation using ZnO 
nanostructured materials under visible light radiation. The G-ZnO NW structure has shown 
effective remediation of MO in water in three hours compared to other synthesized 
nanostructured ZnO materials.  
xii 
 
The petroleum compounds were photocatalytically remediated from water using G- TiO2 
nanoparticles material in visible light radiation. The G-TiO2 nanoparticle was synthesized using 
sol-gel technique and used on various petroleum-based chemicals (toluene, naphthalene and 
diesel) were remediated, and samples were analysed using optical and gas chromatography (GC) 
techniques. The importance of pollutant to come in contact with photocatalyst have been 
demonstrated by employing surfactant along with G-TiO2 nanoparticles to remediate 
naphthalene.  
Earlier studies in this investigation have shown that graphene (G) doping in both titanium 
oxide (TiO2) and zinc oxide (ZnO), has brought about a reduction in photocorrosion, and an 
increase in the photocatalytic efficiency for remediation of organics under visible light (λ > 
400nm). However, the graphene doped photocatalysts have proven to be hard to coat on a 
surface, due to the strong hydrophobic nature of graphene. So, attempts have been made to use 
polyaniline (PANI), a conducting polymer, as a binder material by insitu polymerization of 
aniline over G-TiO2 nanoparticles (G-TiO2 NP) and G-ZnO nanowires (G-ZnO NW) & 
characterized using SEM, XRD, UV-vis and FTIR techniques. The photocatalytic, as well as 
photoelectrochemical catalytic performance of PANI:G-TiO2 NP and PANI:G-ZnO NW, were 
investigated. The standard MO in water was used for both PANI:G-TiO2 NP and PANI:G-ZnO 
NW electrodes on conducting substrates. 1:1 PANI:G-TiO2 NP shows an increase of 31% in the 
remediation of MO in water at potential of +1000 mV, and with the ease in coating PANI:G-
TiO2 NP and PANI:G-ZnO NW on various substrates, on top of the visible light remediation 
allows for the use of these materials and process to be used for practical applications of 
remediation of organics from water. 
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CHAPTER 1: INTRODUCTION  
 
1.1 Problem Description and Motivation  
Photocatalysts have been studied extensively in recent times resulting more than 
thousands of publications in the last decade. The titanium oxide (TiO2) is the most common 
photocatalyst which is named as “Honda-Fujishima effect after its discovery in 1970[1, 2]. The 
TiO2 was used for water splitting application in 1980’s and photocatalytic applications in 1990’s. 
Since 1990’s, photocatalysts have been used for air purifiers, air-condensers, household 
equipment’s, and water purification for household applications. The photocatalyst has been 
initially commercialized in Japan then in United States followed by China.  
TiO2 and zinc oxide (ZnO) are very decent photocatalytic materials, but function most 
effectively in the ultraviolet spectrum of light radiation for the remediation of pollutants from 
both air and water. However, the low sensitivities in visible light radiation inhibited those high 
performing photocatalysts for wide range of commercial applications. Extensive research has 
been done in the scientific community for the development of photocatalysts that can work 
effectively in the visible light spectrum, so that they can be used under solar radiation (which has 
nearly 50% of visible light spectrum). In an effort to increase the efficiency of the photocatalysts, 
metal dopants have been employed by modifying the bandgap. One of the major difficulties has 
been the loss of photocatalytic activity due to recycling of photocurrent. The photocatalytic 
activity of doped photocatalysts under visible light is dependent on the method of synthesis 
process and the type of dopant. In some cases, photocatalytic material with doping have shown 
2 
 
zero or low activity under visible light and low activity under UV light when compared to 
undoped photocatalyst due to the high carrier combination rate caused by the metal dopant.  
Photocatalysts faces a major challenge due to faster electron-hole recombination time, 
which makes it difficult in organic remediation applications where there is insoluble organic 
compounds. But current research solves this issue by changing the interfacial charge though a 
doping process, and modification of surface properties/morphologies such as 
nanowires/nanotubes/nanoparticles. The reusability of a photocatalyst for both small scale and 
large-scale applications has not been addressed by scientists and researchers. The advancement 
of photocatalysts has led small-scale applications like home drinking water purification and 
home wastewater cleaning, but fundamental research is still needed for larger commercial scale 
applications. It is known that photocatalyst destroys any organic matrix which encounters, so the 
binder material should not react with photocatalyst and currently research is needed for the 
development of new kinds of binder materials, thereby limiting the current photocatalyst 
applications. There is no established standard for photocatalytic remediation, as photocatalysts 
are still under development and long-term research is desired to establish stringent methods of 
standardization can be applied to both private and public facilities. Toxicology and reusability 
effects of these photocatalysts on the environment are being investigated.  
The objectives of this dissertation are: 
 To enhance/increase the photoactivity of photocatalytic materials under visible spectrum 
of light, thus enabling it to use natural available energy (solar light) saving huge amount 
of resources. 
 Enabling the use of surfactants along with new photocatalyst to further increase the rate 
of decontamination of organic pollutant. 
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 To overcome the issues of binder material by introducing conducting polymer into the 
photocatalyst thus further enabling the material to be used not only for just photocatalytic 
activity combined visible light based photocatalytic and electrochemical processes which 
is named ‘photoelectrochemical catalytic’ applications in visible spectrum of light.  
1.2 Organization of the Dissertation  
The structure of this dissertation can be summarized as follows. 
Chapter 1 describes the problem and motivation to study the nanostructured 
photocatalytic materials and graphene doped photocatalytic materials and the main objectives of 
carrying out this dissertation work followed by the organization of the dissertation. 
Chapter 2 is focused on the literature review on advantages and disadvantages of various 
technologies for the remediation of organic pollutants from air and water including physical, 
chemical and biological techniques. The later part of chapter two is devoted to the understanding 
of photocatalyst materials performance followed by several synthesis techniques and discussion 
on their advantages and technological limitations for the remediation of organic pollutants in 
visible light spectrum (wavelength λ > 400nm). 
Chapter 3 describes the synthesis techniques used for the nanoparticles and nanowires 
structures of titanium oxide (TiO2). A comparative photocatalytic activity study for remediation 
of organic pollutant for several dopants in TiO2 nanowire with conclusion of graphene as chosen 
material, followed by comparative study of nanowires and nanoparticles structure of TiO2 with 
respect to photocatalytic activity. 
Chapter 4 describes the synthesis techniques used for nanoparticles and nanowires 
structures of zinc oxide (ZnO) with and without graphene as a dopant. A comparative 
photocatalytic activity study is presented for nanowires and nanoparticles of zinc oxide for 
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remediation of organic pollutants. Later part of chapter deals with the synthesis of tungsten oxide 
(WO3) and alpha-hematite (α-Fe2O3) and their photocatalytic activities for remediation of 
organic pollutant.  
Chapter 5 focusses on the importance of pollutant to remain in contact with photocatalyst 
for complete remediation and uses of surfactant for enabling the contact of photocatalyst with the 
pollutant. Later part of chapter presents naphthalene remediation data by a photocatalytic 
material with and without the use of surfactant. Finally, this chapter shows experimental data for 
photocatalytic remediation of toluene and diesel from water. 
Chapter 6 describes a novel method for overcoming the peeling issues for graphene 
doped photocatalytic material from the substrate under wet condition. A conductive polymer 
(PANI) with photocatalytic material have been synthesized, and studied for photocatalytic 
remediation of organic pollutant under visible light radiation. These novel material enables the 
synthesized PANI based photocatalyst to be applied for photoelectrochemical catalytic 
application there by eliminating the organic pollutant at a faster rate by photoelectrochemical 
catalytic technique. 
Chapter 7 concludes the dissertation with major findings of an increased photocatalytic 
activity achieved by employing graphene as dopant onto photocatalytic material. The chapter 
also focusses on findings obtained by introducing PANI with photocatalytic material which 
enabled it for photoelectrochemical catalytic application. The chapter has also focussed on the 
future recommendation research for the development of graphene based photocatalytic materials 
with conductive polymer for both photocatalytic and photoelectrochemical catalytic applications. 
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CHAPTER 2: LITERATURE REVIEW1 
 
2.1 Introduction  
On any given day, enormous amounts of waste materials are being released into the 
environment as pollutants. Among all the waste materials which are entering into the 
environment, organic pollutants take the biggest share [3]. These organic contaminants are 
generated from industrial, domestic and farming applications; enter into the air and water 
streams, thus creating irreversible damage to environment [4-16]. The organics, in gaseous 
phase, get released into the air, travel thousands of miles and are then absorbed into water, soil 
and vegetation through condensation at low temperatures [11]. Such pollutants come in contact 
with humans through inhalation as well ingestion of food and drinks, causing havoc in 
respiratory, digestive, urinary, nervous and cardiovascular systems [17-22]. A lot of research has 
been focused in removal of organics from environment by employing various approaches; i.e. 
chemical, physical and biological methods. 
Organic compounds are also found near wastewater treatment facilities, as well as 
chemical and oil industries, which then mix into the air and water streams through known or 
unknown leakage. Standards for organic compound emissions in air and water have been 
established by the U.S Environmental Protection Agency (EPA), National Emission Standards 
for Hazardous organic pollutants and World Health Organization (WHO) [23]. Some organics 
                                                 
1 Portions of these results have been communicated with ‘International Materials Reviews’/Taylor & Francis Group publishers, 
with title “Nanostructured photocatalysis in the visible spectrum for the decontamination of air and water” with manuscript 
number - IMR490 and is currently under review. 
Appendix A for copyright information. 
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can cause sick building syndrome (SBS), which includes symptoms of headache, mucous 
membrane irritation and fatigue [24-30]. Other organics are known to be carcinogenic [31], or 
cause liver and other organ failure [23]. Currently, poor indoor air quality and water 
contamination has increased health issues and wasted billions of dollars in the process of 
cleaning [32]. Research has been focused to improve air quality through chemical, physical and 
biological techniques. 
Table 2.1 Advantages and disadvantages of techniques employed for air purification. 
Technique Advantage Disadvantage 
Thermal 
Oxidation  
[33, 34] 
Recover up to 85% of 
energy  
Halogenated & other organic compounds 
require special equipment, additional 
safety measures, and produce byproducts 
from combustion. 
Catalytic 
Oxidation  
[35, 36] 
Recover up to 70% of 
energy 
Operating conditions can change 
efficiency, requires additional control 
equipment, some chemicals can 
deteriorate the catalyst performance and 
byproducts from combustion with 
additional safety measures. 
Bio-filtration 
[37, 38] 
Lower initial investment, as 
well as less hazardous waste 
Slower process and decomposition of 
selective organics needs employed 
culture with no recovery material and 
some organics can be poisonous to 
microbes. 
Condensation 
[34] 
Product recovery can offset 
cost 
High maintenance, can only be used for 
organics with boiling point less than 
33oC, leaves behind condensation of 
organic compounds. 
Absorption 
[39] 
Product recovery can offset 
cost 
High maintenance and some cases 
require pretreatments of organics with 
complicated systems. 
Adsorption 
[40, 41] 
Product recovery can offset 
cost 
Moisture and some organics compounds 
could cause clogging of pores thereby 
decreasing efficiency and additional 
desorption process needed. 
Membrane 
separation 
[42, 43] 
No further treatment, 
product recovery may offset 
cost 
Membrane is rare and extremely costly. 
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Table 2.2 Advantages and disadvantages of techniques employed for water purification. 
 
Techniques Advantages Disadvantages 
Reverse Osmosis 
[44, 45] 
Removes salts, heavy metals & 
microorganisms 
Trace amounts of oils and 
greases will cause fouling of 
membrane, doesn’t remove 
organics. 
Centrifuge 
[46, 47] 
Removes small oil molecules 
and suspended solids 
materials, low retention time 
High energy required, 
maintenance cost is high, solid 
slurry as waste, dissolved & 
hazardous pollutants will not be 
removed. 
UV-based filtration 
[48, 49] 
Removes microorganisms, 
high filtration capacity 
Very low efficiency for organic 
pollutants with higher costs. 
Adsorption 
[50, 51]  
Cheaper, efficient and compact 
bed modules 
Very high retention time and 
efficiency is lower at higher feed 
rates. 
Precipitation 
[46] 
No mechanical moving parts 
with greater efficiency, 
durability and ease in 
operation  
Formation of huge quantity of 
air with higher retention time for 
the separation and skim volume. 
Chemical 
Precipitation 
[52]  
Cheaper & accessible  Post treatment is necessary, 
needs additional chemicals. 
Ozone 
[53, 54] 
Ease in operation, efficient in 
primary treatment for soluble 
constituents  
Solids precipitate in slurry form, 
efficient only in the primary 
treatment, requirement for the 
on-site supply of oxidizer. 
Micro and Ultra 
filtration 
[55-57] 
Showing high rates in fresh 
water recovery, removal of 
organics 
Requirement for the high-
energy, membrane fouling. 
Biological 
treatment 
[58-60] 
Cheaper, clean & simple 
technology 
Oxygen requirements, very large 
dimensions of filter and very 
slow process. 
 
Organic compounds, in both air and water, at higher concentrations can easily be detected 
through smell (odour), but at lower concentrations it needs sophisticated techniques and 
instrumentation such as gas chromatography, atomic absorption spectroscopy and optical (UV 
visible, fluorescence and FTIR) techniques. Table 2.1 and Table 2.2 show current technologies 
with their advantages and disadvantages for both air and water purification methods. It can be 
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realized that most techniques have drawbacks in terms of higher cost, requirement of secondary 
treatment and some techniques are very slow. So, emphasis has been given to clean air and water 
though the use of photocatalysts, which break the organic pollutants to water and carbon dioxide 
without leaving a trace of by-products at the end. 
Photocatalyst means alteration of the rate of chemical reaction by light radiation. Plants 
produce oxygen-utilizing energy from sunlight, similar to a photocatalysts. Fujishima and Honda 
used semiconducting titanium oxide (TiO2) material as a photocatalyst in the early 1970’s [2]. A 
photocatalyst absorbs photon energy from light radiation because of the unique electronic 
structure in the valance band (VB) and conduction band (CB), thus generating a hole and 
electron pair. The hole and electron pair reacts with surrounding molecules (water and pollutant), 
there by breaking down the pollutant through a chain of oxidation and reduction reactions. The 
energy levels between VB and CB, or band gap, determines the oxidizing and reducing 
capabilities of photo generated holes and electrons [61]. Figure 2.1 [62] shows the mechanism of 
a photocatalytic semiconductor. The band gap energy of the material generates electron hole pair 
when light of equal to or greater wavelength of the band energy falls on the material, which 
allows the reactions to proceed as given below: 
Photocatalyst + hν  e- + h+  
H2O  H+ + OH- 
e-+ O2  O2- 
h+ +OH-  OH. 
OH. + R (pollutant)  OH- + R* (oxidized) 
O2
- + R  O2 + R** (reduced) 
R* (oxidized) or R** (reduced)  (final products)  CO2 +H2O 
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Figure 2.1 Photocatalytic mechanism of a TiO2 semiconductor. Reprinted with permission from 
“Understanding TiO2 Photocatalysis: Mechanisms and Materials” [62] by Schneider et al. © 
(2014) American Chemical Society. 
 
In general, photocatalysts have significant advantages to perform catalytic activation 
from ultraviolet (UV) and visible spectrum of light depending upon the electronic structure and 
band gap of the material. Due to their different excited states, depending on the wavelength of 
irradiation, photocatalysts gives a tuning effect between the different reaction pathways of the 
pollutants [63]. The photocatalyst technique does not require any secondary disposal method and 
also leaves no trace of pollutants [64]. Photocatalytic remediation generally aligns with the zero 
waste plan for the waste & wastewater industry due to lower cost, environmental friendliness and 
sustainable treatment technology [65]. However, current photocatalytic materials show faster 
recombination time for electron and hole pair and poor absorption in visible light radiation [63]. 
The commonly used photocatalysts such as titanium oxide (TiO2), zinc oxide (ZnO), 
tungsten oxide (WO3) have band gap of nearly 3.2 eV as shown in Figure 2.2 [66]. The lower 
band gap energy of a semiconductor makes it a better photocatalyst. The cost, ease in 
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manufacturing, photostability, human & environment friendliness and effectiveness in solar light 
to catalyse the reaction are important factors in the selection of any photocatalyst [61, 67]. TiO2, 
ZnO, WO3, iron oxide (Fe2O3), and cadmium sulfide (CdS) are few important studied 
photocatalysts found in state-of-the-art literature [68]. The photocatalysts have a wide variety of 
applications like anti-fogging [69], anti-microbial [70], self-cleaning [71], air and water 
purification [65, 72], destruction of warfare agents [73], solar energy and hydrogen production 
through water splitting [74]. 
 
 
Figure 2.2 Band positions of various semiconductors at a pH of 1 (aqueous electrolyte). 
Reprinted with permission from  “Light Induced Redox Reactions in Nanocrystalline Systems” 
[66] by Hagfeldt et al. © (1995) American Chemical Society. 
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2.2 Categories of Photocatalyst 
2.2.1 Titanium Oxide (TiO2) 
TiO2 is a semiconductor with a band gap of 3.0 – 3.2 eV for rutile & anatase phases, 
respectively [75]. Electron (e-) and hole (h+) pair is created due to electron movement from VB 
to CB within femtoseconds due to the incident radiation photon energy of greater than or to (≥) 
to band gap of TiO2. In absence of pollutants, the electron and hole pair recombines and 
generates heat due to the faster recombination time of TiO2 [76-79]. Serpone et al. found that 
more than 90% of photogenerated electrons had undergone recombination within 10 
nanoseconds [80]. TiO2 has been the most studied photocatalyst due to strong photocatalytic 
activity, high stability, low cost and non-toxicity [81, 82]. The work of Kato et al. has shown the 
decomposition of tetralin in a TiO2 suspension [83], with further research done to oxidize 
ethylene and propylene [84]. Until the early 1970’s, Fujishima and Honda described the 
photocatalytic prowess of TiO2 as the “Honda-Fujishima effect” [1].  
Extensive research was conducted to enhance the photocatalytic properties of TiO2 for 
water and air decontamination of pollutants like ethanol, acetaldehyde, pentachlorophenol, 
methanol, acetic acid, propanol etc. [85-96]. Photo-application of TiO2 has been used in dye 
synthesized solar cells [97-100], sensors [101-104], water splitting for hydrogen generation [105, 
106], photocatalytic reduction of CO2 [107, 108] and for remediation of various biological 
species [5, 109-114]. Apart from being explored as a photocatalyst, its major applications are 
also found in food products [115], pigments in paint [116], coatings [117], plastics [118], 
sunscreen/UV blocking pigments [119, 120], medicines [121] and most tooth pastes [122]. 
Currently, efforts are made to enhance the band gap for increasing the photocatalytic activity of 
TiO2 by altering shape (nanowires, nanoparticles, etc.), size and doping (nitrogen, metal, and 
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carbon) [67, 123-136]. Figure 2.3(a) [137] shows the band diagram of undoped and N-doped 
TiO2, while Figure 2.3(b) [137] reveals the reaction mechanism under visible light of N-doped 
TiO2. 
 
Figure 2.3 (a) TiO2 –Energy level diagrams for undoped & N-doped (b) N-doped TiO2 schematic 
for reaction mechanism under visible light irradiation. Reprinted with permission from 
“Nitrogen-doped titanium dioxide (N-doped TiO2) for visible light Photocatalysis” [137] by 
Ansari et al. © (2016) Royal Society of Chemistry. 
 
2.2.2 Zinc Oxide (ZnO) 
ZnO has received attention due to complete photocatalytic remediation of environmental 
contaminants [138-154], having a band gap between 3.2-3.37 eV [155], and having properties 
similar to TiO2 photocatalyst [75] [145, 156, 157]. ZnO has higher photocatalytic activity than 
TiO2 due to point defects induced from oxygen vacancies generating higher hydroxyl ions and a 
faster reaction rate [158-163]. However, photo-corrosion of ZnO in the UV light spectrum results 
in decreased activity in an aqueous solutions [156, 164], but does not affect the gas phase 
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applications [165]. Figure 2.4 shows a silver ion grafted tip of ZnO has been used for the photo-
reduction reaction of organic compounds [166, 167]. Photo-applications include dye-synthesized 
solar cells [168-170], sensors, water splitting [171-173] and biological applications. Apart from 
photo-applications, ZnO has been excessively used in the rubber industry [174, 175], ceramic 
industry [176, 177], medicines [178, 179], cigarette filters [180], food additives [181], pigments 
[182], UV absorbers [183], corrosion prevention [184], and piezoelectricity [185] among other 
uses. ZnO, similar to TiO2, has a faster recombination time for the electron and hole pair, 
therefore various techniques have been employed to modify the crystalline size, morphologies, 
surface area and doping to alter the band gap of ZnO [79, 142, 186-194].  
 
Figure 2.4 Photochemical reaction mechanisms for the formation of a Ag tip ZnO nanowire 
array. Reprinted with permission from “Vertically aligned ZnO nanowire arrays tip-grafted with 
silver nanoparticles for photoelectrochemical applications” [166] by Wang et al. ©(2013) Royal 
Society of Chemistry. 
 
2.2.3 Tungsten Oxide (WO3) 
WO3 is a transition metal oxide with metallic lustre in LiWO3 shown by Wohler. Since 
the 1960’s, tungsten oxides (WOx) have been investigated with great interest for their chemical 
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and physical properties in electrochromic applications [195-207]. However, WOx has an indirect 
band gap of 2.4 and 2.8 eV which is quite suitable for visible light photocatalysis as compared to 
TiO2 and ZnO [196, 208, 209]. WOx is an ideal candidate for efficiently using UV and visible 
light radiation for photocatalysis applications. WOx nanoparticles have gained importance 
mainly due to the higher surface area to volume ratio, altered surface energies and quantum 
confinement effects [210]. Applications of WOx consist of smart windows based on 
electrochromic devices [196, 197, 202, 205], solar cells [211-214], photocatalysis [215], optical 
recording devices [216, 217], sensors[218-225] and field emission applications [226-229] among 
other applications. 
WO3 is capable of working in the visible light spectrum, but its positive CB makes it 
thermodynamically unfavourable to split water into hydrogen. However, this limitation has been 
mitigated by applying an external potential to introduce photo-generated electrons [196]. By 
mixing the tungsten oxide particles with other metal oxides as a passive (secondary) 
photocatalyst, the CB has been shifted towards a negative potential there by promoting the 
photocatalyst performance [230]. WO3 has been used in conjunction with TiO2 to form a 
TiO2/WO3 photocatalyst which promotes photocatalytic activity [231]. Doping with non-metals 
like magnesium (Mg), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), silver (Ag) and gold (Au) 
has shown enhanced photocatalytic performance compared to un-doped WO3 [232-235]. Figure 
2.5 shows the electron transfer in the CB of TiO2 to WO3 and similarly the hole transfer between 
the VB of WO3 to TiO2 [231]. The combined photocatalytic material shows the recycling of 
electrons, which enhances the lifetime of the electron–hole pair and helps stimulate the 
photocatalytic activity of WO3. WO3 has been effectively used as passive/assisted photocatalyst 
rather than employing as primary photocatalyst. 
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Figure 2.5 Energy band diagram of TiO2/WO3 nanofibers with the electron–hole pair separation. 
Reprinted with permission from “Hierarchical nanostructure of WO3 nanorods on TiO2 
nanofibers and the enhanced visible light photocatalytic activity for degradation of organic 
pollutants” [231] by Zhang et al. © (2013) Royal Society of Chemistry. 
 
2.2.4 Hematite (α-Fe2O3) 
Iron oxide has three most common forms: Magnetite (Fe3O4), maghemite (γ-Fe2O3), and 
hematite (α-Fe2O3). Hematite is the most stable form of iron oxide and is an n-type 
semiconductor. It’s applications include antiferromagnetic properties [236, 237], contrast 
material [238], therapeutic material for cancer treatment [239], gas sensors, lithium ion batteries 
[240-244] and as a water splitting photocatalyst for hydrogen production [241, 245-248].  
2.2.5 Tin Oxide (SnO2) 
SnO2-stannic oxide is a n-type semiconductor, having a bandgap of 3.6 eV at room 
temperature [249]. It has a very high electrical conductivity and optical transparency making it 
an important primary component for optoelectronic applications. SnO2 applications extend from 
transparent conductors [250-252], catalysis [253-255], gas sensors [256-259], photocatalyst 
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applications [260, 261] including hydrogen production by water splitting [262, 263] , but mainly 
used as an assisted photocatalyst with TiO2 and  ZnO [262, 264-267]. 
2.3 Synthesis and Characterization of Photocatalyst Nanostructures 
TiO2 nanostructured photocatalysts have been synthesized through various techniques. 
The most commonly used synthesis techniques are sol-gel [268-275], sol [276-281], 
hydrothermal [282-288] and solvothermal [289-295]. Sol-gel and hydrothermal methods are used 
in an aqueous media, whereas sol and solvothermal employ a non-aqueous media for the 
reaction. Highly defined nanoparticle structures with chemical homogeneity is obtained through 
the sol-gel process [296-298]. In a typical process, titanium alkoxide is the precursor, which is 
then acidified for catalysing the process for preparation of the sol. The sol results in TiO2, which 
is washed in deionized (DI) water and dried subsequently. Different shapes and sizes of TiO2 
nanoparticles have been synthesized by tweaking the process parameters.  
 
Figure 2.6 TEM image of (a) TiO2 hydrosol, (b) dried TiO2, (c) TiO2 calcinated at 400 °C for 
2 h. Reprinted with permission from “Sol–gel preparation and photocatalysis of titanium 
dioxide” [298] by Su et al. © (2004) Elsevier. 
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Figure 2.6 [298] shows TEM images of TiO2 nanoparticles with diameters ranging from 
20 to 40 nm. TiO2 can be synthesized by heating the sol in air for longer time yielding single-
phase anatase TiO2 nanoparticles with varying size of particles in between 7 to 50 nm through 
sol-gel process [299-301]. Figure 2.7 shows XRD pattern of sol-gel synthesized TiO2 dried at 
different temperatures from 400 to 700 oC. Samples of TiO2 heated at 400 
oC have crystalline 
structure with anatase phase, whereas heating of TiO2 over 500 
oC resulted in larger percentage 
of rutile phase of the TiO2, which can be seen in Figure 2.7 [298]. This shows that controlled 
thermal treatment of TiO2 will yield anatase or rutile phase. 
 
 
Figure 2.7 XRD pattern of sol-gel synthesized TiO2 before heating and after heating to 400, 500, 
600 and 700 °C for 2 h. Reprinted with permission from “Sol–gel preparation and photocatalysis 
of titanium dioxide” [298] by Su et al. © (2004) Elsevier. 
 
Nanowire structures of TiO2 can be obtained by employing a hydrothermal synthesis 
method. It employs a stainless steel pressure vessel with a Teflon liner to have controlled 
pressures and temperatures in an aqueous medium. Different nanostructures can be obtained 
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when TiO2 nanoparticles are hydrothermally treated in the Teflon lined pressure vessel with 
NaOH/KOH with molarity ranging between 4-20 M and at temperatures ranging from 100–
250oC. By varying the temperature between 100 -250 oC, the process can produce nanotubes, 
nanofibers and nanoribbons of TiO2 [283].Figure 2.8 [283] shows the nanotube structure of TiO2 
synthesized through the hydrothermal technique in NaOH solution. It is shown that the outer 
diameter is within 8 to 10 nm, the inner diameter ranges from 5 to 6 nm, and the length ranges 
from 10 to 100 nm.  Figure 2.9 [283] shows XRD pattern of TiO2 synthesized at different 
temperatures. A small yield of 30% nanotube structure is observed for annealing at 100oC. 
However, an increase in temperature shows broadening in diffraction peaks due to increase in the 
size of the nanotubes [283]. 
 
Figure 2.8 HRTEM image TiO2 nanotubes (a) overall view (b) detailed view. Reprinted with 
permission from “Titanium oxide nanotubes, nanofibers and nanowires” [283] by Yuan et al. © 
(2004) Elsevier. 
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Figure 2.9 XRD pattern of TiO2 (NaOH as precursor) at various temperatures. Reprinted with 
permission from “Titanium oxide nanotubes, nanofibers and nanowires” [283] by Yuan et al. © 
(2004) Elsevier. 
 
ZnO is synthesized in various nanostructures such as nanoparticles, nanowires, 
nanofibers, nanoribbons etc. by employing general sol-gel [302-309], hydrothermal [142, 310-
314] and vapour deposition techniques [315]. Typically ZnO nanostructures are obtained by 
mixing zinc salt with alcohol/water as solvent in NaOH/KOH, washing the precipitate in DI 
water and then drying at various temperatures [316]. Figure 2.10 [316] shows TEM images of 
ZnO nanoparticles where the diameters range between 12 to 38 nm. Figure 2.10a shows 
nanoparticles synthesized by employing aqueous media whereas Figure 2.10b shows non-
aqueous media as solvent. It clearly shows that particle sizes are much smaller when non-
aqueous media is employed which can be correlated to increase in BET surface area. Figure 2.11 
[316] displays XRD patterns of ZnO nanoparticles synthesized through aqueous (Figure 2.11a) 
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and non-aqueous (Figure 2.11b) media. It is observed that Figure 2.11b has broader peaks, which 
correlates to the smaller sized particles synthesized in non-aqueous media. 
 
Figure 2.10 TEM images of ZnO nanoparticles synthesized in (a) aqueous media (b) non-
aqueous media. Reprinted with permission from “Synthesis and characterization of zinc oxide 
nanoparticles: application to textiles as UV absorbers” [316] by Becheri et al. © (2007) Springer. 
 
 
Figure 2.11 XRD patterns of ZnO nanoparticles synthesized in (a) aqueous media (b) non-
aqueous media. Reprinted with permission from “Synthesis and characterization of zinc oxide 
nanoparticles: application to textiles as UV absorbers” [316] by Becheri et al. © (2007) Springer. 
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ZnO nanowires are synthesized using a hydrothermal technique, with zinc nitrate and 
hexamine as the precursors and zinc oxide nanoparticles acting as a seeding layer. Such 
techniques are used to vertically grow nanowires onto a substrate [317]. Figure 2.12 [318] shows 
the nanowire structures obtained through the hydrothermal process grown on thin film deposited 
on silicon substrate. Figure 2.13 [318] displays the XRD pattern of the ZnO nanowires. It is 
observed that peaks obtained from the XRD show the crystallographic planes of hexagonal ZnO. 
This method of hydrothermal synthesis of ZnO nanowires can you be used to grow nanowires 
onto a substrate as well as growing in colloidal form. The synthesis of aster like ZnO nanowires 
has been shown by Ladanov.et.al. using simple hydrothermal method with nanowires of uniform 
sizes were obtained [319]. 
 
Figure 2.12 (a, b) SEM image for nanowire ZnO with varying magnifications. Reprinted with 
permission from “Structure and Opto-electrochemical Properties of ZnO Nanowires Grown on n-
Si Substrate” by Ladanov et al. [318] © (2011) American Chemical Society. 
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Figure 2.13 XRD pattern of nanowire ZnO grown on silicon substrate. Reprinted with 
permission from “Structure and Opto-electrochemical Properties of ZnO Nanowires Grown on n-
Si Substrate” by Ladanov et al. [318] © (2011) American Chemical Society. 
 
The nanoparticle structures of WO3 have been synthesized through vapour phase [205, 
320-324] and liquid phase like sol-gel [325-329], hydrothermal [293, 330-332] and anodization 
[333-335] techniques. The sol-gel method is employed to synthesize nanoparticles of WO3 using 
tungstate salt (ammonium tungstate) and nitric acid, subsequent precipitation of sol followed by 
washing and drying to obtain WO3 nanostructures [336]. Figure 2.14(a) [336] shows an SEM 
image, with EDS spectrum, of the WO3 nanoparticles synthesized by the sol-gel method and 
Figure 2.14(b) shows the TEM image of the WO3 where primary particle size is around 30 nm. 
Figure 2.15 [336] illustrates the XRD pattern of the WO3 nanoparticles dried at different 
temperatures. The XRD pattern shows sharper peaks and an increase in degree of crystallinity of 
the WO3 nanoparticles with an increase in temperature. 
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Figure 2.14 (a) SEM image of WO3 calcinated at 400
oC for 6 h. Inset is the EDS spectrum; (b) 
TEM image of the same sample. Reprinted with permission from “Synthesis of tungsten oxide 
nanoparticles by acid precipitation Method”[336] by Supothina et al. © (2007) Elsevier. 
 
 
Figure 2.15 XRD pattern of WO3 dried at various temperatures (100 to 400 
oC). Reprinted with 
permission from “Synthesis of tungsten oxide nanoparticles by acid precipitation Method” [336] 
by Supothina et al. © (2007) Elsevier. 
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Figure 2.16 SEM images of WO3 using (a) Na2SO4, (b) Li2SO4, (c) FeSO4, (d) TEM image of 
cubic samples, (e, f) SEM images of cubic samples collected after 12 h & 72 h. Reprinted with 
permission from “Preparation of platinum loaded cubic tungsten oxide: A highly efficient visible 
light driven photocatalyst”[337]  by Xu et al. © (2011) Elsevier. 
 
Nanowires of WO3 have been synthesized by a hydrothermal technique. In a typical 
synthesis process WO3 sol materials have been prepared by dissolving sodium tungstate in DI 
water, followed by adding of HCl and oxalic acid. The precipitated WO3 is transferred into a 
Teflon lined pressure vessel with the addition of sodium sulphate (Na2SO4)/ lithium sulphate 
(Li2SO4)/ iron sulphate(FeSO4). While keeping evertyhing else the same, the addition of these 
sulphates of sodium, lithium and iron cause WO3 to form nanorods, toothpicks and cubic shapes 
respectively Figure 2.16 [337] shows the SEM images of WO3 nanostructures formed at different 
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temperatures. It shows cubic, toothpick and nanorod stuctures of WO3 obtained by varying the 
type of sulfate employed during synthesis. Figure 2.17 [337] shows the XRD patterns of  the 
WO3 nanorods, toothpicks, cubes and Pt doped nanorod structures. The peaks are narrow and 
strong for Figure 2.17 (a & b) which suggest perfect crystallinity of the hexagonal WO3 in the 
nanorods and toothpicks, where as in Figure 2.17(c), the cubic samples show worse crystallinity 
compared to the nanorods and toothpicks. 
 
Figure 2.17 XRD patterns of (a) WO3 nanorod, (b) WO3 toothpick, (c) cubic WO3, (d) Pt-
WO3 nanorod, (e) Pt-loaded cubic WO3. Reprinted with permission from “Preparation of 
platinum loaded cubic tungsten oxide: A highly efficient visible light driven photocatalyst”[337] 
by Xu et al. © (2011) Elsevier. 
 
2.4 Photocatalytic Activity 
Commercial TiO2 nanoparticles (P25 Degussa) are the most widely used material for 
photocatalytic remediation applications. Figure 2.18 [338] shows the UV-visible absorbance 
spectrum of TiO2 (P25) and TiO2 (P25) annealed at 150 
oC for 10 h and 72 h. It is observed that 
the TiO2 (P25) tends to absorb the UV light spectrum (<400nm), while thermal annealing of 
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TiO2 (P25) enhances the absorbance of light radiation. The blue shifts into visible light radiation 
(wavelength >400nm) showed an increase in photocatalytic activity by heat treatment as shown 
by Yu et al. [339]. The major drawback of TiO2 is being unable to function effectively in visible 
light radiation due to its faster recombination of electron-hole pair. Techniques like heat 
treatment, doping, and the use of different morphologies are employed to overcome these 
drawbacks. Table 2.3 shows the TiO2 nanostructured materials, both with and without doping, 
for enhancement of photocatalytic properties under the visible light spectrum (wavelength > 
400nm). 
 
Figure 2.18 UV-Visible absorbance spectrum for TiO2 (P25). Reprinted with permission from 
“Enhanced photocatalytic activity of TiO2 powder (P25) by hydrothermal treatment” [338] by 
Yu et al. © (2006) Elsevier. 
 
Table 2.3 reveals that doping TiO2 with metal and non-metal ions enhances the 
photocatalytic behaviour under visible light radiation for remediating various organic 
contaminations in both air and aqueous media. Under identical conditions of light intensity and 
pollutant, the doped nanowires and nanotube structures have presented enhanced photocatalytic 
performance compared to the doped nanoparticle structures [340].  
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Table 2.3 TiO2 nanostructured materials, with and without doping, for visible light photocatalytic 
remediation. 
 
Material/Synthesis 
method 
Properties of 
materials 
Pollutant/light 
source 
Results 
P25 – commercial 
titania [340] 
Average size 21 
nm 
Methylene blue (2 
ppm)/solar light 
100 min for 
complete 
remediation  
TiO2 nanowires 
/hydrothermal [340] 
Width of 20-200 
nm, length 
several m 
75% remediation in 
100 min 
Nitrogen - TiO2 
nanoparticle/ 
Solvothermal [341]  
Average particle 
size of 9.6 nm 
Methyl orange (10 
ppm)  & methyl 
blue (10 ppm) 
/visible  
3 h for 100% 
remediation of MO 
& 60 min for 92 % 
degradation of MB 
N-TiO2 nanobelt/ 
hydrothermal [342] 
50-400 nm wide 
and 10 m long 
Methyl orange (20 
ppm)/ visible  
50 % remediated 
after 6 h 
Nitrogen -TiO2 
nanotubes/electrochem
ical anodization [343] 
Average diameter 
of 80 nm, wall 
thickness of 15 
nm 
Methyl orange (20 
ppm) pH 3 /visible  
80% after 60 min. 
Iodine -TiO2 
nanoparticle/ 
hydrolysis [344, 345] 
Average diameter 
of 5 nm 
Methyl orange (10 
ppm)/visible 
69.8% remediation 
after 180 min 
Iodine-TiO2 
nanospheres/hydrother
mal [344, 345] 
Average diameter 
of 300-500 nm 
92.8% remediation 
after 180 min 
Iodine-TiO2 
nanotubes/ 
hydrothermal [346] 
10 & 7nm outer 
& inner diameter 
respectively, 
length of 20-80 
nm 
Phenol (20 ppm)/ 
visible 
Complete 
remediation after 
240 min  
Zirconium –iodine-
TiO2 nanoparticle 
/hydrolysis [347] 
Grain size of 7.5 
nm 
Methyl orange 
(0.03 mM)/ visible 
98% remediation 
after 180 min 
Lanthanum-iodine-
TiO2/hydrolysis [348] 
Crystalline size of 
3.57 nm. 
Oxalic acid/ visible  95% removal after 
180 min 
Lanthanum- TiO2 
/hydrolysis [348] 
Crystalline size of 
4.42 nm 
 30% removal after 
180 min 
Cobalt-TiO2 
nanotubes/ anodization 
[349] 
Inner diameter of 
90–100 nm, wall 
thickness of 20-
25 nm 
Particles size of 
Co 20-50 nm 
Methylene blue (2 
ppm)/ visible 
 60% degradation 
after 60 min 
WO3-TiO2 
nanotubes/anodization 
[349] 
 70% degradation 
after 60 min 
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Table 2.3 (Continued) 
Cobalt –tungsten 
oxide- TiO2 
nanotubes/anodizing 
[349] 
   97% degradation 
after 60 min 
Silver -TiO2 
nanoparticle/sol-gel 
[350] 
Absorption 
wavelength 
around 400 nm 
Rhodamine B/ 
visible  
Complete 
remediation after 10 
min 
Silver/silver chloride-
TiO2 nanotubes/ 
anodization [351] 
Inner diameter of 
120 nm and 
length of 550nm 
Methyl orange (10-5 
M)/ visible 
Complete 
remediation after 60 
min 
Vanadium-TiO2/sol-
gel [352] 
Particle size of 6 
to 8 nm 
Methylene blue (2.8 
× 10−5M)/ visible 
Reaction rate of 3.87 
× 10−7mol/lh 
Cerium-TiO2 
nanoparticle /sol-gel 
[353] 
Average size 
approx.10.3 nm 
Nitrobenzene (50 
ppm)/ visible 
5% conversion 
within 4 h 
N-cerium-TiO2 
nanoparticle/sol-gel 
[353] 
52% conversion 
within 4 h 
Cerium -TiO2 hollow 
sphere/hydrothermal 
[354] 
Crystalline size of 
8.3 nm 
Reactive brilliant 
red X-3B (25 ppm)/ 
visible 
Degradation around 
92.3% after 80 min 
Nitrogen -Fluorine -
TiO2 nanotubes/ 
anodization [355] 
Amorphous 
structure 
Methylene blue (2 
ppm)/ visible  
80% remediated 
after 2 h 
Carbon-TiO2 
/hydrothermal [356] 
Pore diameter – 
8nm 
Rhodamine B 
/visible 
59% degradation 
after 5 h 
Carbon nanotube- 
TiO2 /hydrothermal 
[357]  
Crystalline size of 
TiO2 is 6.4 nm 
Methyl orange (20 
ppm)/ visible 
95% reduction in 
240 min  
Graphene-TiO2 
nanoparticle/ 
hydrothermal [340] 
30-50 nm in size Methylene blue (2 
ppm)/ solar light 
100 % degradation in 
less than 40 min 
Graphene doped TiO2 
nanowire/hydrotherma
l [340] 
Width 20-200 
nm, length upto 
several m 
100 % degradation in 
less than 20 min 
 
ZnO is one of the most highly used materials in solar cell applications. It faces the same 
major drawback of faster electron-hole recombination time [186, 187] as TiO2. It has been 
observed that photocatalytic activity of ZnO is greatly affected by morphologies, size and 
dopants. Figure 2.19 [358] shows the effect of particle size on photocatalytic performance of 
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ZnO for oxidation for n-C7H16. It is clear from the figure that reduction of the nanoparticle size 
showed increases in the photocatalytic activity.  
 
Figure 2.19 Photocatalytic remediation of n-C7H16 using ZnO nanoparticles. Reprinted with 
permission from “Relationships of surface oxygen vacancies with photoluminescence and 
photocatalytic performance of ZnO nanoparticles” [358] by Jing et al. © (2005) Springer. 
 
Table 2.4 shows the photocatalytic properties under the visible light spectrum 
(wavelength > 400nm) for ZnO nanostructured materials with and without doping. The dopant in 
ZnO does not necessarily increase the photocatalytic activity as shown in Table 2.4. The 
enhanced photocatalytic activity is shown by comparing the nanowire to the nanoparticle 
structures of ZnO [359]. The metal dopants create intermittent band gaps rather than narrowing 
band gap of ZnO nanostructures. 
Table 2.4 ZnO nanostructured materials, with and without doping, for visible light photocatalytic 
remediation. 
 
Material/ Synthesis 
method 
Properties of 
materials 
Pollutant/ light 
source 
Results 
ZnO nanoparticle/ 
thermal plasma [359] 
Granular 
structure 
Methylene blue 
(10-5 M)/ visible 
80% decomposition 
after 30 h 
ZnO tetrapod/ thermal 
plasma [359] 
30 nm 
diameter and 
100-200 nm 
in length 
90% decomposition 
after 30 h 
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Table 2.4 (Continued) 
ZnO nanorods/ thermal 
plasma [359] 
30-50 nm 
diameter, 200-
300 nm length 
 95% decomposition 
after 30 h 
ZnO nanofiber/ 
electrospinning [360] 
Mean 
diameter of 78 
nm 
Rhodamine B/ 
visible 
90% degraded after 19 h 
Cobalt - ZnO nanorods/ 
hydrothermal [361] 
Diameter 50-
80 nm & 
lengths of 0.2-
1.5 m  
Alizarin red dye 
(20 ppm)/ 
visible 
93% decomposed after 
60 min. 
Nitrogen-ZnO 
nanopowders/ spray 
pyrolysis [362] 
Crystalline 
size 25.2 nm 
Acetaldehyde 
gas phase/ 
visible 
Roughly 10 times faster 
than ZnO nanoparticles 
Manganese -ZnO/ wet 
chemical [363] 
Average 
particle size- 
73nm 
Methylene blue 
10-5 M in 20 ml 
ethanol/ visible 
50 % decoloration in 5 
min, 50 times faster 
than undoped ZnO 
particles 
Carbon - ZnO nanosheet 
flowers/ pyrolysis [364] 
9 m particle 
size, 10 nm 
thickness  
Rhodamine B 
(10-5 M)/ visible 
Almost disappears after 
80 min. 
Nickel - ZnO 
nanosheets/ sol gel [365]  
Width 0.5–
1m, length 
∼5 m  
Malachite green/ 
visible 
Decreases 
photocatalytic activity 
compared to ZnO 
nanosheets 
Sodium - ZnO nanowire/ 
thermal decomposition 
[366] 
Average 
diameter 40 
nm 
Orange G (0.02 
nM)/ visible  
Complete degradation 
after 120 min 
Silver nanospheres on 
ZnO nanorods/ 
microwave reactor [367] 
ZnO – 10-20 
nm diameter 
Ag- 60 nm 
average 
Methylene blue 
(5 ppm)/ visible 
85% degradation after 
120 min 
Cobalt - ZnO nanowires/ 
solvothermal [368] 
Diameter 25-
200 nm, 
length up to 3 
m 
Methylene 
orange (10 
ppm)/ visible 
 
90% remediated with 5 
h  
 
WO3 has a lower band gap (2.4 – 2.8 eV) compared to TiO2 and ZnO materials. The 
structure, morphology and doping in WO3 is varied to enhance photocatalytic activity. Figure 
2.20 [369] shows CO2 conversion efficiency of Pt and N-doped WO3 compared to TiO2 based 
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nanostructures in visible light radiation. It is clear from the Figure 2.20, that doping has 
enhanced the photocatalytic activity of WO3. 
 
Figure 2.20 The photocatalytic activity for WO3 and TiO2 with Pt and N dopants. Reprinted with 
permission from “Pristine Simple Oxides as Visible Light Driven Photocatalysts: Highly 
Efficient Decomposition of Organic Compounds over Platinum Loaded Tungsten Oxide” [369] 
by Abe et al. © (2008) American Chemical Society. 
 
Table 2.5 shows the WO3/WxOy nanostructured materials, with and without doping, for 
photocatalytic properties under visible light. Table 2.5 shows photocatalytic studies of different 
WO3 structures with and without dopants. The nano cubic/wire structures of WO3 exhibit higher 
photocatalytic properties when compared to the nanoparticle based structures. It also shows that 
doping WO3 increases photocatalytic properties[337]. 
Table 2.5 Tungsten oxide nanostructured material, with and without doping, for visible light 
photocatalytic remediation. 
 
Material/ 
Synthesis method 
Properties of 
materials 
Pollutant/ light source Results 
WO3 nanoparticle 
commercial[370] 
- Methyl orange (20 
ppm)/ visible 
20% degradation in 
300 min 
TiO2 – WO3 
nanocomposites/ 
hydrothermal 
[370] 
Particle size – 16 
nm 
85% degradation in 
300 min 
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Table 2.5 (Continued) 
WO3 spherical 
flower/ 
hydrothermal[371] 
Size 2 -4 m  Rhodamine B 
(10-5 M)/ visible 
60% degradation 
within 5 h 
Pt doped WO3 
nanoparticle - 
commercial[215] 
Average diameters of 
2- 4nm 
Acetaldehyde 
(500ppm)/ 
visible 
90% conversion to 
CO2 after 4 h 
Pt doped WO3 
nanotubes/ 
solvothermal[371] 
Outer diameter 300-
1000nm & lengths 2-
20m 
100 conversions to 
CO2 after 4 h. 
W18O49 nanowire/ 
hydrothermal[371] 
10-20 nm diameter 
with lengths 1-2 m 
Methylene 
orange (50 ppm)/ 
visible light 
68% degradation in 
25 min 
W18O49- RGO/ 
hydrothermal [371] 
Complete 
remediation within 
25 min 
KTi0.5W1.5O6/ sol-
gel[372] 
- Methylene blue 
(10 ppm)/ visible 
66% degradation 
after 180 min 
N doped 
KTi0.5W1.5O6/ 
annealing[372] 
0.23% nitrogen by 
weight 
83% degradation 
after 180 min 
Tin-KTi0.5W1.5O6/ 
ion exchange 
method[372] 
7.93% tin by weight 94% degradation 
after 180 min 
Na+ -WO3 
nanowire/ in situ 
doping (bulk) [373] 
Diameter-
100nm/single crystal 
Methylene blue 
(25 ppm)/ visible 
90% degradation for 
bulk doped 
60% degradation for 
surface doped 
Palladium - WO3 
nanoparticle/ photo 
deposition[374] 
Pd addition ratio – 0.5 
wt. % 
Methylene blue 
(10 ppm)/ visible 
27 times faster than 
pure WO3 
CuO-WO3 
nanoparticle/ flame 
spray[375] 
Average diameter 20 
nm 
Methylene blue 
(50 ppm) 
27% degradation 
after 6 h 
Iron-WO3 hollow 
spheres/ template 
[376] 
Grain size – 10 nm Rhodamine B 
(20 ppm)/ visible 
95% degradation 
within 120 min 
Cerium - W18O49/ 
solvothermal[377] 
Average diameter of 
tens of nm and lengths 
- 200 nm to m 
Methylene 
orange (10 ppm)/ 
visible 
89% reduction after 
30 min 
 
2.5 Literature Review Summary 
Photocatalytic remediation has significant advantages over other methods (mechanical, 
chemical, and biological), since it uses naturally available energy (UV light & visible light) to 
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remediate organic pollutants into harmless by-products to carbon dioxide (CO2) and water 
(H2O).Photocatalysts for wastewater treatment and drinking water applications have been 
increasing over the last decade along with water splitting applications for the production of 
hydrogen. Photocatalytic process is environmentally sustainable method to remediate the 
hazardous organic waste compounds, and recently attention has been shifted towards the 
oxidation/reduction of both volatile organic and inorganic compounds existing in the ground 
water for effective treatment process.  
Photocatalysts faces a major challenge due to faster electron-hole recombination time, 
which makes it difficult in organic remediation applications where there is insoluble organic 
compounds. In this investigation the issue by changing the interfacial charge though a doping 
process, and modification of surface properties/morphologies such as nanowires /nanotubes / 
nanoparticles and application of surfactant to enhance the contact of insoluble pollutant with the 
photocatalyst have been undertaken. It is known that photocatalyst destroys any organic matrix 
which encounters, so investigation of a new binder material has been undertaken which would 
not only react with photocatalyst, but also enhances its photocatalytic performance. 
Beside these limitations, photocatalysts have a major edge over other procedures because 
it is only green-assisted procedure over chemical, mechanical and biological techniques. The 
decontamination through photocatalysts is considered a 100 % oxidation/reduction or 
mineralization of pollutant compounds similar to biological treatment which is highly 
economical treatment and highly compatible with the environment. The solar light can be 
employed for green technological applications and biological treatment can be replaced by 
heterogeneous photocatalysts for pollutant removal. 
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CHAPTER 3: TITANIUM OXIDE BASED NANOSTRUCTURE MATERIALS FOR  
 
WATER REMEDIATION2, 3 
 
3.1 Introduction  
Titanium oxide (TiO2) nanostructure has been most studied metal oxide photocatalyst 
material. It has a large bandgap of 3.2 eV which makes it suitable for UV spectrum of light 
(wavelength λ < 400 nm) but not suitable for visible light photocatalysis (λ > 400nm). When 
doping materials such as platinum (Pt), silver (Ag), molybdenum (Mo), boron nitride (BN), and 
boric acid etc., have been introduced, it is observed the band gap of TiO2 photocatalyst is 
narrowed towards visible light radiation. Dopants like Ag and Pt are expensive and cannot be 
used in mass conditions. To test the effect of doping material on photocatalytic performance of 
TiO2, various dopants have been considered like boron nitride (BN), boric acid, molybdenum 
disulfide (MoS2), Ag along with graphene (G) as G being a unique material with exceptional 
electrical and quantum properties. The samples of TiO2 nanowires were prepared using standard 
hydrothermal methods along with different dopants and photocatalytic performance have been 
measured using methyl orange as organic pollutant in water. Further photocatalytic performance 
of TiO2 is compared in nanoparticle and nanowire structure with and without ‘G’ as doping 
material. 
                                                 
2 Srikanth Gunti, Ashok Kumar, Manoj K. Ram, “Comparative Organics Remediation Properties of Nanostructured Graphene 
Doped Titanium Oxide and Graphene Doped Zinc Oxide Photocatalysts”, published 30 July 2015, American Journal of 
Analytical Chemistry, 2015, 6, 708-717 
3 Srikanth Gunti, Michael McCrory, Ashok Kumar, Manoj K. Ram, “Enhanced Photocatalytic Remediation Using Graphene (G)-
Titanium Oxide (TiO2) Nanocomposite Material in Visible Light Radiation”, published 21 July 2016, American Journal of 
Analytical Chemistry, 2016, 7, 576-587 
Appendix A for copyright permission 
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TiO2 nanostructures have been synthesized through various techniques like sol-gel, sol, 
hydrothermal and solvothermal. For simplicity and homogeneity of nanostructures obtained 
through sol-gel (nanoparticle) and hydrothermal (nanowire), these two methods have been 
employed in synthesis of nanoparticle and nanowire structures of TiO2. The chemicals such as 
hydrochloric acid (HCl), propanol, titanium (IV) isopropoxide, sodium hydroxide (NaOH), 
methyl orange (MO) and other reagents were used for the preparation of nanostructured 
materials and the chemicals were procured from Sigma-Aldrich (USA). The commercial 
TiO2/P25 was also obtained from Sigma Aldrich (USA) for comparative remediation studies. 
The graphene (G) platelets of size < 20 nm in thickness were acquired from Angstron Materials, 
a commercial company in USA.  
3.1.1 Synthesis Procedure 
The nanowire structure of TiO2 was synthesized using hydrothermal technique with 
initial precursors of titanium oxide (TiO2) nanoparticles in aqueous solution of sodium hydroxide 
(NaOH). The synthesis was initiated by addition of 6 g TiO2 (P25) to 70 ml of 10 M NaOH 
solution with resulting solution stirred for 30 min and, 20 ml of the solution was transferred to 
Teflon coated autoclave and kept at a constant temperature of 150 ̊C for 48h. The precipitate was 
washed using 0.1 M HCl solution for multiple times with an observation that the precipitate 
showed pH of below 7. The precipitate was centrifuged, and dried at 100 ̊C for 24 h and further 
annealed at 300 ̊C for 4 h to obtain pristine TiO2 nanowire structures. Various doping materials 
of 100mg each as G, MoS2, AgNO3, BN, Boric acid have been added to initial precursors of TiO2 
nanoparticles and NaOH to obtain doped TiO2 nanowires with no alteration of procedure.  
TiO2 nanoparticles were synthesized by using sol-gel technique with initial precursors of 
titanium (IV) isopropoxide in propanol solution. Initially, 20 ml propanol is mixed with slow 
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addition of 4 ml of titanium (IV) isopropoxide in round bottom flask. The mixture was stirred for 
30 min, and later, HCl solution was added drop wise, and allowed the solution to stir for another 
24 h at room temperature. The precipitate was washed using deionized water (DI) for removing 
the unreacted organic residues, later it was centrifuged and dried at 100 ̊C. For synthesizing G 
doped TiO2 nanoparticles, 0.193 g of G was mixed with initial precursor of 20 ml propanol with 
no alteration of procedure. 
3.1.2 Sample Preparation and Decontamination Setup  
In the process, 0.2 g of photocatalytic material were coated onto a petri dish with the use 
of acetic acid and dried at room temperature. Later, it was heated at 200˚C for 30 min. 20 ppm of 
40 ml MO was added to petri dishes, and illuminated by light of 30-watt with light intensity of 
800 W/m2. The decontamination setup on petri dish can be seen in Figure 3.1. The remediated 
samples were collected from the main remediating sample in an interval scale of hours. Attempts 
were also taken to vary the time interval in some cases in collecting the remediating sample. 
JASCO V-530 UV-Visible spectrometer was used to measure the absorbance of MO. Initial 
concentration of MO was taken as Co at 0 hours. The percentage of concentration ratio was 
calculated by using Cn/Co with respect to time in hours. 
% 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑖𝑜 =  100 ∗  
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 (𝐶𝑛)
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝐶𝑜)
 
 
 
Figure 3.1 Decontamination setup. 
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3.2 Photocatalytic Performance of Various Dopants onto TiO2 Nanowire  
3.2.1 Scanning Electron Microscopy (SEM) 
 Figure 3.2 (a, b, c, d, e & f) shows the nanowire structures of TiO2 synthesized using 
various dopants. Figure 3.2 a shows the pristine TiO2 nanowire (TiO2 NW) structure synthesized 
through hydrothermal method. It can be observed that the nanowires are around 50-500 nm in 
diameter and 500nm to 3000 nm in length.  
 
Figure 3.2 SEM images of (a) TiO2 NW (b) G-TiO2 NW (c) MoS2- TiO2 NW (d) Ag- TiO2 NW 
(e) BN-TiO2 NW (f) Boric acid -TiO2 NW at various magnifications. 
 
 To confirm whether agglomeration of nanowires occurred, transmission electron 
microscopy (TEM) for the pristine TiO2 NW have been shown in Figure 3.3. It has been 
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observed form Figure 3.3 that the nanowires of TiO2 have indeed agglomerated together during 
synthesis procedures and the size of nanowires was observed to be in-between 30-100 nm in 
diameter and lengths up to 100-3000 nm. In Figure 3.2 b, shows the SEM image of G –TiO2 NW 
distribution in which graphene flakes have been distributed onto TiO2 NW. Figures 3.2 (c, d, e & 
f) shows the SEM images of MoS2- TiO2 NW, Ag- TiO2 NW, BN-TiO2 NW, boric acid -TiO2 
NW, respectively. It can be observed that nanowires obtained through various doping materials 
are also within 50-500 nm in diameter and 500-3000 nm in length due to agglomeration during 
process. 
 
 
 
Figure 3.3 (a, b, c) TEM images of TiO2 nanowire at various magnifications. 
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3.2.2 X-ray Diffraction (XRD) 
 
Figure 3.4 XRD pattern of (a) TiO2 NW (b) G-TiO2 NW (c) BN-TiO2 NW (d) Boric acid -TiO2 
NW (e) MoS2- TiO2 NW (f) Ag- TiO2 NW. 
 
XRD images of TiO2 NW with various doping’s have been shown in Figure 3.4. The 
presence of peaks at 25.27, 37.85, 47.83, 54.55, 63.59 degrees are due to TiO2 anatase phase. In 
Figure 3.4 b, shows the presence of the peak at 26.5 degrees is due to the presence of graphene 
(002) plane [378]. In Figure 3.4 c shows the hexagonal BN (002) peak at 25 degrees coinciding 
with peak of anatase TiO2 around 24.27 degrees. In Figure 3.4 d, the peak 32 degrees is due to 
the presence of boric acid which has an angle shift when doped onto TiO2 NW [379]. In Figure 
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3.4 (e & f), shows doping with MoS2 and Ag decreased the overall crystallinity of the NW of 
TiO2 with no characteristic peaks for MoS2, Ag. 
3.2.3 Photocatalytic Activity  
 Figure 3.5 shows the photocatalytic performance of TiO2 NW in comparison with doped 
TiO2 NW for remediation of 20 ppm of 40 ml methyl orange (MO). It can be observed that G 
doped TiO2 nanowires have the best photocatalytic performance over other doped TiO2 
nanowires. It can be understood that, due to graphene unique electrical properties, high 
photocatalytic performance has been observed for G-TiO2 NW. It can also be seen that MoS2 
doped TiO2 NW has very low photocatalytic performance as compared to pristine TiO2 NW 
which is due to the fact that not all doping materials will enhance the performance of TiO2 
photocatalyst. Based on the results obtained for remediation of MO with different doping 
materials in TiO2 NW, G have been chosen as primary doping material for further studies. 
 
Figure 3.5 Photocatalytic performance of TiO2 NW in comparison with G-TiO2 NW, MoS2- 
TiO2 NW, Ag- TiO2 NW, BN-TiO2 NW and Boric acid -TiO2 NW. 
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3.3 Photocatalytic Performance of Nanowire vs Nanoparticle Structures of TiO2 
3.3.1 Scanning Electron Microscopy (SEM) 
 
 
Figure 3.6 SEM images of (a, b) TiO2 nanoparticles, (c, d) G-TiO2 nanoparticles at various 
magnifications. 
 
 Figure 3.6 shows the SEM image of TiO2 nanoparticle (TiO2 NP) and G doped TiO2 
nanoparticle (G-TiO2 NP). Figure 3.6 c observes the surface morphology of G-TiO2 NP, which 
reveals the compact particles distribution of photocatalytic material. A potential explanation for 
formation for compact particle structure in G-TiO2 NP is due to dispersion of TiO2 particles on 
graphene sheets. The Figure 3.6 d, shows the SEM image of G-TiO2 NP at 500 nm 
magnification. The typical graphene structure is covered by TiO2 NP, which range in between 
20-50 nm. The size of nanoparticles of G-TiO2 is observed in transmission electron microscopy 
(TEM) study, which can be witnessed in Figure 3.7. Indeed, shows the well-defined graphene 
coated TiO2 nanoparticles. Figure 3.7 b reveals d-spacing with inter-planar structure of G-TiO2 
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nanoparticles. The Y-axis shows d spacing of different crystalline planes presented in the G-TiO2 
nanomaterial. The x-axis in Figure 3.7 b is the characteristics ring used for calculation of inter-
planar place of G-TiO2 based polycrystalline nanomaterial. The error bar is calculated using 10 
different measurements per crystalline structure which confirms the polycrystalline structure in 
G-TiO2 nanocomposite. 
 
  
Figure 3.7 TEM image of G-TiO2 nanoparticles. 
3.3.2 X ray Diffraction (XRD) 
 
Figure 3.8 XRD pattern of (a) TiO2 NP, (b) G-TiO2 NP. 
Figure 3.8 shows the XRD pattern of TiO2 NP and G-TiO2 NP. The strong diffraction 
peak at 26.51 degrees [378] is indicative of presence of graphene (002) plane in G-TiO2 structure 
in Figure 3.8 b. The presence of peaks at 25.27, 37.85, 47.83, 54.55, 63.59, 70.15 degrees are due 
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to the anatase TiO2 phase present in TiO2 NP and G-TiO2 NP which correspond to (101), (004), 
(200), (105), (204), (220) planes of anatase TiO2 respectively [380]. The structure indicates the 
forms of crystallinity TiO2 and G-TiO2 nanomaterials. 
3.3.3 UV–visible Spectroscopy 
 
 
Figure 3.9 UV-visible spectra of (a) TiO2 NP and G-TiO2 NP (b) TiO2 NW and G-TiO2 NW. 
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 Figure 3.9 shows the UV-visible spectra of (a) TiO2 NP, G-TiO2 NP and (b) TiO2 NW, 
G-TiO2 NW, respectively. It can be observed that the effect of graphene doping increases 
absorption of the nanomaterial under visible light region (λ > 400nm). This suggests that 
graphene doping can affect the bandgap due to temporary holding of electrons onto the graphene 
surface allowing the oxidative and reduction reactions of pollutant. Table 3.1 shows the 
bandgaps calculated by plotting (α.h)2 vs photon energy(h). The band gap of nanoparticle 
structure of TiO2 has been considerably reduced from 3.28 eV to 3.11 eV. In case of TiO2 NW, 
graphene doping does not affect the bandgap as it reduced slightly from 3.40 eV to 3.39 eV , but 
showing an increase in absorbance in visible light radiation (λ >400nm). 
Table 3.1 Bandgap of TiO2 nanostructures calculated by plotting (α.h)2 vs photon energy (h). 
 
Material Band gap (eV) 
TiO2 NW 3.40 
G-TiO2 NW 3.39 
TiO2 NP 3.28 
G-TiO2 NP 3.11 
 
 
3.3.4 Fourier Transform Infrared Spectroscopy (FTIR) 
 Figure 3.10 (a, b, c & d) shows the FTIR spectrum of TiO2 NP, G-TiO2 NP, TiO2 NW, G-
TiO2 NW, respectively. Figure 3.10 (a, b, c & d), reveals the IR band from 400-900 cm
-1 is due 
to skeletal vibration of Ti-O-Ti. The IR band at 3100-4000 cm-1 is primarily due to the presence 
of atmospheric water content i.e., OH bond stretching [381, 382]. The skeletal vibration of 
graphene is at 1600 cm-1, but it cannot be distinguished due to the presence of organic impurities 
in the nanomaterials which have an IR band for C-C at 1500 to 1650 cm-1, but the presence of 
graphene can be observed in XRD pattern from Figure 3.8. 
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Figure 3.10 FTIR spectrum of (a) TiO2 NP, (b) G-TiO2 NP, (c) TiO2 NW (d) G-TiO2 NW. 
 
3.3.5 Particle Analyzer 
 
Figure 3.11 Particle size data for (a) TiO2 NP (b) G-TiO2 NP (c) TiO2 NW (d) G-TiO2 NW. 
 
Figure 3.11 (a, b, c & d) shows the images for average particle sizes in water obtained 
through particle analyzer for TiO2 NP, G-TiO2 NP, TiO2 NW, G-TiO2 NW, respectively. It is 
important to understand the particle distribution of photocatalyst in water. Figure 3.11a, shows 
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the agglomeration of particles with size from 150-300 nm for TiO2 NP, similarly agglomeration 
of particles in G-TiO2 NP with particle size in between 100 nm-200 nm is also observed. Figure 
3.11 (c & d) shows particle sizes ranging from 300 to 800 nm for TiO2 NW and G-TiO2 NW 
corresponding to the SEM images found for the same suggesting agglomeration of 
nanocomposite in water medium. 
3.3.6 Comparison of Photocatalytic Activity 
 
Figure 3.12 Photocatalytic remediation MO (pollutant) TiO2 NP, G-TiO2 NP, P25 (Degussa), 
TiO2 NW and G-TiO2 NW. 
 
Figure 3.12 shows the photocatalytic performance of TiO2 NP, G-TiO2 NP, TiO2 NW and 
G-TiO2 NW along with commercial TiO2/P25 nanoparticles with 20 ppm (40ml) MO as organic 
pollutant. Light intensity of 800 W/m2 has been irradiated with 0.2 g of photocatalytic material 
coated on the petri dish using acetic acid with sample collection in a time interval of hours. The 
G-TiO2 NP shows fastest total remediation of MO in 4 hours followed by TiO2 NP in 5 hours. 
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Commercial P25 (TiO2) takes around 12 hours to remediate complete organic pollutant. TiO2 
NW with and without graphene do not effectively remediate the MO completely even after 24 
hours of exposure to light. This reveals that the nanoparticle form of TiO2 with graphene doping 
has the optimum photocatalytic performance over TiO2 nanowire in both doped and undoped 
states. For further study, G-TiO2 NP has been employed based on the results from Figure 3.12. 
 
Figure 3.13 Schematic of remediation of methyl orange using G-TiO2 nanomaterial.  
 
The schematic of MO remediation is shown in Figure 3.13 using G-TiO2 nanostructured 
material. The schematic has revealed how G-TiO2 produces radical with the use of water 
molecule and oxygen. The free radicals OH. and O2
- were created when light interacted with G-
TiO2 nanomaterials. The pollutants were oxidized and finally broke into CO2 and H2O 
molecules. The stepwise remediation of pollutant is given in equation 1-7.  Further, Figure 3.13 
shows schematic of reaction of G-TiO2 for remediation of MO. 
G-TiO2 + hν  G-TiO2 (e- + h+)        (1) 
H2O  H+ + OH-          (2) 
G(e-)-TiO2(h
+) + O2 G-TiO2 (h+) + O2-       (3) 
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G(e-)-TiO2(h
+) +OH-  G(e-)-TiO2 +OH.       (4) 
G(e-)-TiO2(h
+) + OH. + R (pollutant)  G(e-)-TiO2(h+) + OH- + R* (oxidized)   (5) 
G(e-)-TiO2(h
+) +O2- + R  G(e-)/TiO2(h+) + O2 + R**(reduced)    (6) 
R* (oxidized) or R**(reduced)  (final products)  CO2 +H2O    (7) 
3.4 Conclusion  
Pristine TiO2 nanowires were synthesized using hydrothermal technique, where size of 
TiO2 nanowires are 50-500 nm in diameters and 500 nm -3000nm in length measured from 
SEM studies. G doped TiO2 NW has shown highest photocatalytic activity over other doped 
TiO2 NW for remediation of MO from water under visible light radiation. This increase in 
photocatalytic activity is due to increase in visible light absorbance and decrease in bandgap due 
to graphene doping. Sol gel G-TiO2 nanoparticles are superior photocatalytic properties than G-
TiO2 NW (hydrothermal), TiO2 NW (hydrothermal) and TiO2 NP (sol-gel) and commercially 
available P25 under visible light. The photocatalytic remediation of MO were completed in less 
than 4h using G-TiO2 NP. 
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CHAPTER 4: ZINC OXIDE AND OTHER PHOTOCATALYSTS NANOSTRUCTURES  
 
FOR WATER REMEDIATION4 
 
4.1 Introduction 
The challenge to synthesize both nanowire and nanoparticle structures of ZnO along with 
G doping is carried out by simple and cost effective hydrothermal [319] & precipitation by super 
saturation [316] techniques. In a typical hydrothermal method ZnO nanowires were synthesized 
by using zinc nitrate, hexamethylenetetramine with ZnO nanoparticle as seeding layer with 
subsequent washing and drying processes. In typical synthesis of ZnO nanoparticles using 
precipitation method was performed by dissolving zinc chloride in deionized (DI) water with 
drop wise addition of sodium hydroxide with subsequent washing and drying.  
ZnO nanoparticles (ZnO NP), G doped ZnO nanoparticles (G-ZnO NP), ZnO nanowires 
(ZnO NW), G doped ZnO nanowires (G-ZnO NW), TiO2 seeded ZnO nanowires (TiO2 seeded 
ZnO NW) and G doped TiO2 seeded ZnO nanowires (G-TiO2 seeded ZnO NW) were 
synthesized using precipitation and hydrothermal methods. ZnO nanostructures were 
characterized using scanning electron microscopy (SEM), Transmission electron microscopy 
(TEM), Raman spectroscopy, X-ray diffraction (XRD), UV-visible spectroscopy, Fourier 
transform infrared spectroscopy (FTIR) and particle analyser. Standard methyl orange (MO) was 
                                                 
4 Portion of these results have been communicated with Journal- Colloid and Interface Science Communications, Elsevier 
publications with title “Effective Visible Light Based Photocatalytic Remediation of Organics Using Different Zinc Oxide 
Nanostructures” with Ref: CIS_2017_152, which is currently under review. 
Appendix A for copyright permission 
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employed as organic pollutant in the water and remediation was made using synthesized ZnO 
nanostructured materials under visible light radiation.  
Chemicals and solvents such as ZnO nanoparticles, commercial TiO2/P25, zinc nitrate 
hexahydrate (Zn(NO3)2∙6H2O), hexamethylenetetramine (HMTA), zinc chloride (ZnCl2) 
anhydrous, ethanol, sodium hydroxide (NaOH), MO which were used for the synthesis and 
decontamination using synthesized nanostructured materials were obtained from Sigma-Aldrich 
Chemicals company (USA). The G platelets of average thickness < 20 nm were procured from 
Angstron Materials (USA) 
4.1.1 Synthesis Procedure 
ZnO nanowires were synthesized by employing simple hydrothermal method with initial 
precursors Zn(NO3)2∙6H2O and surfactant ‘hexamethylenetetramine (HMTA)’. Initially, 250 ml 
deionized water (DI) was maintained at 80˚C with addition of precursors Zn(NO3)2∙6H2O and 
HMTA with concentration of 25 mM/l. As seeding particles for the growth of nanowires, ZnO 
nanoparticles (avg 50 nm) were sonicated and added as nucleation sites. The solution was 
maintained for 4 h at 80˚C followed by washing and centrifugation with DI water & ethanol. The 
samples were dried to remove water content at 100˚C for 24 h. For obtaining G doped ZnO 
nanowires, 0.1 g of G was added to the solution along with initial precursors of Zn(NO3)2∙6H2O 
and HMTA without alteration of the optimized procedure. 
TiO2 seeded ZnO nanowires were synthesized by employing simple hydrothermal 
method with initial precursors Zn(NO3)2∙6H2O and surfactant (HMTA).  Initially, 250 ml 
deionized water (DI) was maintained at 80˚C with addition of precursors Zn(NO3)2∙6H2O and 
HMTA with concentration of 25 mM/l. As seeding particles for the growth of nanowires, TiO2 
nanoparticles (avg 21 nm) were sonicated and added as nucleation sites. The solution was 
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maintained for 4 h at 80˚C followed by washing and centrifugation with DI water & ethanol. The 
samples were dried to remove water content at 100˚C for 24 h. For obtaining G doped TiO2 
seeded ZnO nanowires, 0.1 g of G was added to the solution along with initial precursors of 
Zn(NO3)2∙6H2O and HMTA without alteration of the optimized procedure. 
ZnO nanoparticles were synthesized by dissolving 5.5 g of zinc chloride (ZnCl2) in 200 
ml of DI with stirring at 90oC followed by drop wise addition of 5 M (16 ml) sodium hydroxide 
(NaOH) aqueous solution. The particles were separated by sedimentation process from the 
supernatant dispersion. The suspension was washed by DI water & ethanol using centrifugation. 
The washed samples were collected from centrifuge and dried at 250 oC for 5 h. The G doped 
ZnO nanoparticles was synthesized using 0.15 g of G with precursor ZnCl2 without alterations to 
the procedure. 
4.1.2 Sample Preparation and Decontamination Setup  
The photocatalytic activity of synthesized ZnO NP, G-ZnO NP, ZnO NW, G-ZnO NW, 
TiO2 seeded ZnO NW, G-TiO2 seeded ZnO NW were studied to remediate MO as a pollutant. 
The decontamination setup is shown in Figure 3.1 from Chapter 3 without any alteration to the 
procedure. In typical process, 0.2 g of synthesized photocatalytic material were coated using 
acetic acid onto a petri dish and dried at 200˚C for 30 min. MO (pollutant) with initial 
concentration of 20 ppm (40 ml) was added to petri dish, and illuminated with a 30-watt bulb to 
irradiate with light intensity of 800 W/m2. With time interval scale in hours, samples were 
collected from the main remediating sample and analysed for absorbance of MO using JASCO 
V-530 UV-visible spectrometer. At 0 hours, initial MO concentration was taken as Co. The 
percentage of remediation was calculated by using concentration ratio of Cn/Co with respect to 
time in hours. 
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4.2 Results and Discussion 
4.2.1 Scanning Electron Microscopy (SEM)  
 
Figure 4.1 SEM images of (a) ZnO nanoparticle (b) G-ZnO nanoparticle (c) ZnO nanowire (d) 
G-ZnO nanowire (e) TiO2 seeded ZnO nanowires (f) G-TiO2 seeded ZnO nanowire at various 
magnifications. 
 
The surface morphology of ZnO nanoparticle & G-ZnO nanoparticle can be observed in 
Figure 4.1 (a, b) respectively, which reveals the size of ZnO NP ranging from 40-60 nm in both 
undoped and doped (G) condition. In Figure 4.1 b, the G sheets have been dispersed around ZnO 
NP. Figure 4.1 (c, d) shows the nanowire structures of ZnO & G-ZnO grown through 
hydrothermal method by using ZnO nanoparticles as seeding material. The ZnO NW & G-ZnO 
NW sizes vary 50-150 nm in diameter and 800-900 nm in length. Figure 4.1 (e, f) shows the 
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nanowires structure of TiO2 seeding ZnO nanowire and G-TiO2 seeded ZnO nanowire. The 
formation of thinner ZnO nanowire with TiO2 as seeding layer with diameters in-between 40-100 
nm and length 400-500 nm are observed. The formation of smaller size nanowires in Figure 
4.1(e, f) is credited due to smaller size (<21 nm) of TiO2 nanoparticles as seeding layer for the 
synthesis of ZnO nanowires. 
 
Figure 4.2 TEM image of G-ZnO NW at various magnifications. 
 
 Above Figure 4.2, TEM images of G doped ZnO nanowire (G-ZnO NW) is shown. G-
ZnO NW obtained from Figure 4.2 (a & b), has a size of around 50-150 nm in diameter which is 
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in correlation with SEM image of G-ZnO NW in Figure 4.1 d. ZnO nanowires are dispersed on 
G sheets in Figure 4.2 (a & b), which show the presence of few layers of G doped on to ZnO 
NW. In TEM image of Figure 4.2c, the d-spacing of planes of ZnO NW and an average d-
spacing value of 0.25 nm can be observed. This value of d-spacing corresponds to (101) plane of 
ZnO which has a peak at 36.2o in XRD pattern in Figure 4.3d. 
4.2.2 X-ray Diffraction (XRD) 
 
Figure 4.3 XRD pattern of (a) ZnO nanoparticle (b) G-ZnO nanoparticle (c) ZnO nanowire (d) 
G-ZnO nanowire (e) TiO2 seeded ZnO nanowire (f) G -TiO2 seeded ZnO nanowire. 
 
The XRD patterns of ZnO NP and NW structures with and without G doping are shown 
in Figure 4.3. The diffraction peaks are obtained at 31.7o, 34.4o, 36.2o, 47.5o, 56.6o, 62.8o which 
correspond to hexagonal ZnO structure with crystallographic (100), (002), (101), (102), (110) 
and (103) directions in Figure 4.3 (a, b, c, d, e & f) [319, 383]. However, the diffraction peak at 
26.5o shows the presence of G (002) in doped ZnO nanostructures as shown in figure 4.3 (b, d & 
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f) [378]. Further, the diffraction peak at 25.3o shows the presence of TiO2 in ZnO nanostructures 
in Figure 4.3 (e & f), which is used as seeding layer for synthesis of ZnO nanostructures. 
4.2.3 UV-visible Spectroscopy 
 
Figure 4.4 UV-visible absorbance spectra of (a) ZnO & G-ZnO nanowire (b) TiO2 seeded ZnO & 
G-TiO2 seeded ZnO nanowire (c) ZnO & G-ZnO nanoparticle. 
 
Table 4.1 Band gap of ZnO nanostructures calculated by plotting (α.h)2 vs photon energy (h). 
 
Material Band gap (eV) 
ZnO NW 3.22 
G-ZnO NW 3.15 
TiO2 seeded ZnO NW 3.23 
G-TiO2 seeded ZnO NW 3.19 
ZnO NP 3.24 
G-ZnO NP 3.18 
 
Figure 4.4 shows the UV-visible spectra of ZnO nanostructures with and without G 
doping. The ZnO nanowire (Figure 4.4a), TiO2 seeded ZnO nanowire (Figure 4.4b) and ZnO 
nanoparticle (Figure 4.4c) display absorption below 400nm whereas G doping reveals an 
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increase in the absorption in visible > 400nm in addition to decrease in absorptivity in < 400 nm. 
The graphene doping shows the reduction in bandgap of ZnO nanostructures. Table 4.1 shows 
the estimated band gap of various ZnO nanostructures. The band gap of nanostructures of ZnO 
have been calculated using the empirical relationship of (α.h)2 vs photon energy [384]. 
4.2.4 Fourier Transform Infrared Spectroscopy (FTIR) 
Figure 4.5 (a, b, c, d, e, f) shows the FTIR spectra of various ZnO nanostructured 
materials. Figure 4.5(a, b, c, d, e, and f) shows the characteristic absorption band due to 
transverse optical stretching of ZnO between 420 cm-1 to 520 cm-1 [385] and the peak at 3450 
cm-1 correlates to OH presence due to atmospheric moisture absorbed onto surface of  ZnO 
nanostructures[386]. The skeletal absorption of G is observed at 1600 cm-1 [387] in Figure 4.5 (b, 
d and f) in addition G  peak, the organic impurities in ZnO at 1590 cm-1 & 1410 cm-1 are found. 
It is hard to differentiate the G peak in Figure 4.5 (b, d and f), however the presence of G is 
confirmed through X-ray diffraction measurements as shown in Figure 4.3. 
Figure 4.5 FTIR images of (a) ZnO nanoparticle (b) G-ZnO nanoparticle (c) ZnO nanowire (d) 
G-ZnO nanowire (e) TiO2 seeded ZnO nanowire (f) G-TiO2 seeded ZnO nanowire. 
57 
 
4.2.5 Particle Analyzer 
 
Figure 4.6 Particle size distribution of (a) ZnO nanoparticle (b) G-ZnO nanoparticle (c) ZnO 
nanowire (d) G-ZnO nanowire (e) TiO2 seeded ZnO nanowire (f) G -TiO2 seeded ZnO nanowire. 
 
Figure 4.6 shows the particle size distribution of ZnO nanostructures measured in 
aqueous medium. The Figure 4.6 (a, b) shows the particle size distribution of ZnO NP and G-
ZnO NP materials in water. The particle size distribution is observed in-between 100 to 1000 
nm, which is correlated to SEM images where the size of particles is observed between 40 to 60 
nm. Similarly in Figure 4.6(c, d), the size around 800-2000 nm corresponding to ZnO NW and 
G-ZnO NW nanowire has been observed.  The SEM image of similar sample in powder form 
shows the particle diameter size around 100-150 and length in 800-900 nm. Similarly, Figure 4.6 
(e, f) shows the particle sizes around 200-1000nm which corresponds to TiO2 seeded ZnO NW 
and G- TiO2 seeded ZnO NW, SEM images of ZnO NW and G-TiO2 seeded ZnO NW has been 
measured as diameters in between 40-100 nm and length to 400-500 nm. The larger distribution 
size observed in particle analyser is pertaining to agglomeration of ZnO nanostructures in 
aqueous medium. This study is important to understand the behaviour of the photocatalytic 
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particles in aqueous media. The hydrophilicity of ZnO shows the aggregation in the colloidal 
state. Such information is important to understand the effective remediation due to size of the 
photocatalytic material in water. 
4.2.6 Decontamination Study 
 
Figure 4.7 Decontamination of MO under visible light radiation using (a) ZnO nanowire (b) G-
ZnO nanowire (c) TiO2 seeded ZnO nanowire (d) G-TiO2 seeded ZnO nanowire (e) ZnO 
nanoparticle (f) G-ZnO nanoparticle. 
 
The nanostructures of ZnO (ZnO NP, G-ZnO NP, ZnO NW, G-ZnO NW, TiO2 seeded 
ZnO NW & G-TiO2 seeded ZnO NW) have been tested for photocatalytic activity with the use of 
MO. 0.2 g of photocatalytic material were coated onto a petri dish and 20 ppm of 40 ml MO 
solution was used to understand the photocatalytic remediation. A 30-watt lamp with intensity of 
800 W/m2 was used to understand the visible light remediation for MO as pollutant in water. The 
MO remediated samples with continuous irradiation of light was collected in an interval of an 
hour. Figure 4.7 shows the photocatalytic activity of ZnO nanostructures. It can be clearly 
realized that G doped ZnO NW (G-ZnO NW) shows the best photocatalytic performance than all 
59 
 
other structured ZnO nanomaterials. The enhancement photocatalytic activity of G-ZnO NW 
over ZnO NW is primarily due to G doping. Doping with G enhanced the photocatalytic activity 
due to slight decrease in bandgap energy of the nanostructured material and increase in 
absorbance of photocatalyst under visible spectrum of light, which has been observed in Figure 
4.4 and estimated bandgap values in Table 4.1. 
 Further, attempts haven been made to understand the reaction rate of ZnO nanostructures 
using pseudo first order kinetic reaction as shown in Figure 4.8. Figure 4.8, shows the plot of ln 
(Co/Cn) vs time (hour) to obtain reaction rate ka.  
𝑙𝑛 (
𝐶𝑜
𝐶𝑛
) = 𝑘𝑎𝑡 
The Co is initial concentration at t = 0 and Cn at time t, ka is the reaction rate constant. 
 
Figure 4.8 Reaction rate of ZnO nanostructures using pseudo first order kinetic reaction (a) ZnO 
nanoparticle (b) G-ZnO nanoparticle (c) ZnO nanowire (d) G-ZnO nanowire (e) TiO2 seeded 
ZnO nanowire (f) G - TiO2 seeded ZnO nanowire. 
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Table 4.2 Reaction rate equation’s obtained through plotting ln (Co/Cn) vs time (h). 
Photocatalyst Reaction rate equation 
ZnO NP y = 0.1702ln(x) + 0.3078, R2 = 0.9488 
G-ZnO NP y = 0.0396 x + 0.0128, R2 = 0.9941 
TiO2 seeded ZnO NW y = 0.0516 x + 0.0941, R
2 = 0.9364 
G-TiO2 seeded ZnO NW y = 0.3149ln(x) + 0.7177, R
2 = 0.9848 
ZnO NW y = 0.3859ln(x) + 1.0339, R2 = 0.9463 
G-ZnO NW y = 0.5612ln(x) + 1.2926, R2 = 0.9865 
 
Figure 4.8 shows the non–liner trend of reaction rates obtained for ZnO nanostructures 
with reaction rates shown in Table 4.2. In fact, the rate of reaction for ZnO photocatalysts 
follows Langmuir – Hinshelwood first order kinetics due to lower initial concentration of MO 
(20ppm). So, it is understood that reaction rate is based on pseudo first order kinetics [388]. The 
rate of decrease in photocatalytic activity of all ZnO nanostructures due to unavailability of 
electron acceptors like O2. The available O2 has been consumed during initial photonic excitation 
of ZnO nanostructures, and later the remediation of ZnO is solely done by relative efficiency of 
surface ZnO as h+ groups [89, 389-391]. The underlying cause for the non-linear pattern of 
photocatalytic reaction rate is the experiment setup is based on slurry form with no circulation of 
pollutant or supply of external O2 through the process. This setup is ideal to conditions where the 
supply of external sources (air, agitation etc.) or cannot be given into the contaminated water.  
The G-ZnO NW has shown excellent remediation of MO as compared to other 
synthesized nanostructured ZnO based materials as shown in Figure 4.7, schematic 
representation of G-ZnO NW is shown in Figure 4.9(a & b). Band gap of ZnO is around 3.2-2.37 
eV for which valance band (VB) is at-7.25 eV with vacuum and conduction band (CB) is at -4.05 
eV with vacuum, which corresponds to work function of -4.05 eV for ZnO structures. 
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Figure 4.9 (a, b) Schematic of ZnO nanostructured photocatalysts for remediation of MO under 
visible light radiation. 
 
 Once photon energy of greater than or equal to band gap of ZnO illuminates the surface, 
electron hole pair is created. Without any doping, the photocorrosion is high i.e., electron and 
hole recombination is very fast there by allowing lower oxidative and reduction reactions around 
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ZnO. When graphene  is used as dopant which has a work function of -4.89 to -5.16 eV which 
falls in between the VB and CB of ZnO, the electrons are transferred onto G there by allowing 
oxidative and reduction reactions around ZnO to continue longer there by degrading pollutant, 
which has been shown in Figure 4.9a. Figure 4.9b shows the mechanism of graphene doped ZnO 
for remediation of methyl orange. The excellent remediation obtained for G-ZnO NW 
demonstrates the visible light remediation of wastewater as well as drinking water for practical 
applications. 
4.3 Other Photocatalysts (WO3 and α-Fe2O3) 
4.3.1 Chemicals and Reagents 
Chemical like sodium sulfate (Na2SO4), lithium sulfate (Li2SO4), ferrous sulfate (FeSO4), 
oxalic acid (H2C2O4), and sodium tungstate (Na2WO4), acetic acid (CH3COOH) and 
hydrochloric acid (HCl), iron chloride (FeCl3), sodium hydroxide (NaOH) and other reagents 
were purchased from Sigma Aldrich, a commercial company from USA.  
4.3.2 Synthesis Procedure  
Tungsten oxide (WO3) is synthesized through hydrothermal synthesis technique outlined 
by Xu et al.[337]. Initially, WO3 sol was synthesized by dissolving 4.075g sodium tungstate 
powder in 100 ml of de-ionised (DI) water. Then Na2WO4 solution was acidified to pH of 1.0–
1.2 by HCl (3 mol/L) solution with constant stirring for 30 min. A yellow precipitate was 
generated to which 3.15g of H2C2O4 was added with further dilution with DI water to 250 ml 
with constant stirring at room temperature which leads to formation of stable WO3 sol. WO3 sol 
of 15 ml was taken into a autoclave, and 1 g Na2SO4 was then added to the solution and 
maintained at constant temperature of 180 °C for 24 h. The precipitate was washed with water 
and ethanol to remove unreacted organic matter and centrifuged and dried at 100oC. The 
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complete process of synthesizing WO3 with varying morphologies was easily modified by 
adding 1g FeSO4 & 1g Li2SO4 instead of Na2SO4 without altering the procedure. By addition of 
FeSO4, Na2SO4, Li2SO4 will lead to the formation of cubic structure of WO3, nanorods structure 
of WO3, toothpick structures of WO3 toothpicks, respectively. 
 Hematite (α-Fe2O3) or α-iron oxide is synthesized through sol-gel technique. Initially iron 
chloride of 8.1 g was added to 450 ml of DI water with constant stirring at 60oC for 1 h. 50 ml of 
4 M NaOH was slowly added and left for stirring for 24 h and maintained at 90oC. Red sol α-
Fe2O3 is precipitated, filtered using filter paper, washed with DI water and ethanol to remove 
unreacted impurities and dried at 70 C for 24 h. 
4.3.3 Characterization 
Figure 4.10 (a, b, c &d) shows SEM images WO3 cubic (FeSO4), WO3 nanorod 
(Na2SO4), WO3 tooth pick (Li2SO4), α-Fe2O3, respectively. Figure 4.10a, shows cubic structures 
of WO3 with sizes ranging 100 nm to 2 micron. Figures 4.10 (b & c) shows the nanorod and 
toothpick structures of WO3 are synthesized with sizes varying from 100-500 nm in diameter 
with up to few microns in length. The varying structures of WO3 attributed to SO4
2- which act as 
structure directing agents along face parallel to WO3 nanocrystal. Figure 4.10d, shows the 
nanoparticle structure of hematite (α-Fe2O3) with average size around 50-100 nm in size. 
Figure 4.11 (a, b, c & d) observes the XRD images of WO3 (cubic, nanorod, toothpick) 
and α–Fe2O3, respectively. XRD peaks at 23.6, 26.7, 29, 34.2, 42, 50, 57.2 degrees shows the 
crystalline structures of WO3. The high crystallinity observed in WO3 nanostructures is due to 
the use of sulfates which enabled the crystalline growth of along c –axis. In Figure 4.11d, shows 
the polycrystalline structure of α–Fe2O3. 
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Figure 4.10 SEM images of (a) WO3 cubic (FeSO4), (b) WO3 nanorod (Na2SO4), (c) WO3 tooth 
pick (Li2SO4) (d) α–Fe2O3(hematite). 
 
Figure 4.11 XRD pattern of (a) WO3 cubic (FeSO4), (b) WO3 nanorod (Na2SO4), (c)WO3 tooth 
pick (Li2SO4) (d) α–Fe2O3(hematite). 
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4.3.4 Photocatalytic Comparison  
Figure 4.12 shows the decontamination of MO under visible light radiation. 0.2g of 
photocatalyst is coated onto the petri dish using acetic acid and dried at 200oC for 30 min. 20 
ppm (40ml) MO was used as pollutant with a light intensity of 800 W/m2 irradiated from below. 
It can be observed that WO3 has decontaminated only 18 % of MO under 24 h for cubic samples 
of WO3. It can be further understood that WO3 is not an efficient photocatalytic material but has 
been used as a passive/secondary photocatalyst [392, 393]. α–Fe2O3 has remediated around 50 % 
of MO under 24 h. When compared to TiO2 and ZnO nanostructures, WO3 and α–Fe2O3 are not 
an efficient photocatalytic material for remediation of organics in water. 
 
 
Figure 4.12 Photocatalytic performance of WO3 (cubic, nanorod, and toothpick) and α–Fe2O3 for 
remediation of MO under visible light radiation. 
 
4.4 Conclusion  
Various nanostructures of ZnO were synthesized using precipitation and hydrothermal 
methods. ZnO NP ranging from 40-60 nm in both undoped and doped (G) condition were 
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synthesized using precipitation method and ZnO NW both undoped and doped (G) condition 
sizes varied from 50-150 nm in diameter and 800-900 nm in length. The formation of thinner 
ZnO nanowire with TiO2 as seeding layer with diameters in-between 40-100 nm and length 400-
500 nm are observed. The improved photocatalytic activity of G-ZnO NW is mainly due to G 
doping which decreases the bandgap energy and reveals an increase in the absorbance under 
visible spectrum of light. WO3 and α–Fe2O3 have been found an efficient photocatalytic 
materials for visible light radiation similar to ZnO and G-ZnO based nanowires. 
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CHAPTER 5: EFFECT OF SURFACTANT ON WATER REMEDIATION5,6 
 
5.1 Introduction  
From Chapter 3 and Chapter 4, it has been established that graphene (G)-titanium oxide 
(TiO2) nanoparticle (NP) and G-zinc oxide (ZnO) nanowire (NW) are best photocatalytic 
materials over other nanostructured photocatalysts of TiO2 and ZnO. It is important to 
understand how photocatalyst material performs for remediation of naphthalene under visible 
light radiation with light of intensity of 800 W/m2. Initially tests were done using G-TiO2 NP for 
remediation of toluene, naphthalene and diesel in water under constant stirring condition. 
Pollutants like toluene, naphthalene, and diesel do not have a high solubility and therefore tend 
to stay on the surface of water. This can prevent the pollutants from coming into contact with G-
TiO2 nanocomposite. For effective photocatalytic performance, the pollutant should remain in 
contact with photocatalyst for it to be remediated by visible light radiation. 
Organic pollutants like naphthalene, diesel and crude oil have very low solubility and few 
higher organic molecules have zero solubility in water due to which the insoluble organic 
pollutant float on the top surface of water. Due to low solubility or zero solubility of these 
organic compounds, during the photocatalysis process only the soluble content of organic 
                                                 
5 Srikanth Gunti, Ashok Kumar, Manoj K. Ram, “Comparative Organics Remediation Properties of Nanostructured Graphene 
Doped Titanium Oxide and Graphene Doped Zinc Oxide Photocatalysts”, published 30 July 2015, American Journal of 
Analytical Chemistry, 2015, 6, 708-717 
6 Srikanth Gunti, Michael McCrory, Ashok Kumar, Manoj K. Ram, “Enhanced Photocatalytic Remediation Using Graphene (G)-
Titanium Oxide (TiO2) Nanocomposite Material in Visible Light Radiation”, published 21 July 2016, American Journal of 
Analytical Chemistry, 2016, 7, 576-587 
Appendix A for copyright permission 
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material is remediated by oxidative and reduction reactions due electron and hole pair produced 
by the photocatalyst material. For these oxidative and reduction reactions to transpire for 
complete remediation of the organic pollutant, the pollutant should come in contact with the 
photocatalyst. To overcome this major drawback researchers employed the use of photocatalytic 
reactor, which supplies air & agitation with other physical methods [394, 395]. Using additional 
methods will increase the cost and energy used in the remediation process for cleaning water. 
One simple way to overcome the contact issue is to employ surfactants. Surfactants are 
generally organic compounds with hydrophobic and hydrophilic group chains in its structure 
[396] and it is very well known that surfactants are employed to decrease the surface tension of 
water or an organic solution [397, 398]. Hypothesis for employment of surfactants is that the 
insoluble organic pollutant will be broken down into much smaller droplets due to hydrophobic 
chains of surfactant and a homogenous colloidal interface of organic pollutant and water is 
formed. This enables the smaller droplets of organic pollutant to come in contact with 
photocatalyst in water for a complete remediation. To enhance the contact of insoluble pollutant, 
sodium dodecyl sulfonate have been employed as surfactant. For understanding the surfactant 
affect, G-TiO2 NP was used for naphthalene remediation as G-TiO2 NP had shown fastest time 
for the complete remediation of MO under 4 h. Further experiments were done for remediation 
naphthalene with surfactant for G-TiO2 NW, G-ZnO NW & G-TiO2 seeded ZnO NW. 
5.2 Experimental Procedure 
5.2.1 Materials and Reagents  
Toluene, diesel, naphthalene, sodium dodecyl sulfonate and other reagents were 
purchased from Sigma-Aldrich, a commercial company in USA. Photocatalyst materials G-TiO2 
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NP, G-TiO2 NW, G-ZnO NW & G-TiO2 seeded ZnO NW were synthesized using sol-gel and 
hydrothermal techniques using materials outlined in Chapter 3 and Chapter 4. 
5.2.2 Sample Preparation and Decontamination Setup  
5.2.2.1 Setup without Surfactant  
The organic contaminants (toluene, naphthalene and diesel) at different concentrations 
were used to decontaminate using G-TiO2 nanocomposite photocatalyst. A 100 W lamp was 
employed to simulate the solar light intensity of 800 W/m2. The contaminants solution of 1g G-
TiO2 were stirred in closed glass container, and kept closed during the completion of the 
experiment. Samples were collected at regular intervals, and centrifuged to separate composite 
G-TiO2 particles from measuring solution. The centrifuged sample of 1 µL solution was passed 
through a gas chromatography (GC). 
 
 
Figure 5.1 Schematic of sample collection and analysis shown in step in step process. 
 
 Figure 5.1, shows the schematic of sample collection and analysis shown in step in step 
process. Diesel, toluene and naphthalene containing water samples have been kept in the 
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identical conditions, and decontaminated water samples have been collected as a function of time 
using G-TiO2 photocatalyst. These petroleum molecules may get evaporated especially under 
stirring and light exposure conditions. It is useful to add a control experiment using the same 
equipment setup while changing the G-TiO2. The retention time (in min) vs. area under curve 
was plotted to understand each organic contaminant in the water sample. The ratio of 
concentrations as Co (initial concentration) and Cn (concentration of solution at different timed 
samples with % of sample remained in the solution) were used to understand the change in 
percentage of concentration with the use of G-TiO2 nanocomposite photocatalyst. 
 
% 𝑅𝑒𝑚𝑒𝑑𝑖𝑎𝑡𝑖𝑜𝑛 =  100 ∗  
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 (𝐶𝑛)
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝐶𝑜)
 
 
 
5.2.2.2 Setup with Surfactant  
The performance of 0.2g of photocatalyst (G-TiO2 NP, G-TiO2 NW and G-ZnO NW, G-
TiO2 seeded ZnO NW) were used on 30 ppm naphthalene in water using surfactant of sodium 
dodecyl sulfonate (20ppm) in 100 ml of deionised water. The light intensity of 800 W/m2 
generated by 30 watt bulb was used to remediate naphthalene from water. The samples were 
analysed using JASCO V-530 UV-visible spectrometer was used to measure the absorbance 
naphthalene presence in remediated water at 0 and 48 hours similar to one discussed for MO. 
The naphthalene has UV-visible absorption at 221 nm, 286 nm and 312 nm. The values at these 
peaks were considered to determine the percentage (%) of naphthalene in the remediated water 
samples by calculating % concentration ratio (Cn/Co)*100. Total organic content is obtained by 
calculating the average of % concentration ratio for peaks at 221 nm, 286 nm and 312 nm for 
naphthalene. 
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5.3 Photocatalytic Activity 
5.3.1 Remediation of Organics without Surfactant  
1 g of G-TiO2 nanoparticle have been used with toluene at 100 ppm (250 ml) under 100 
W visible light bulb to simulate the solar light intensity of 800 W/m2. Figure 5.2, shows ∼90% of 
toluene decontamination in water for exposure of only an hour of visible light. Further, light 
exposure results in similar values indicating that toluene on surface of water mostly evaporated 
or there could be continual evaporation of toluene from water surface.  
 
Figure 5.2 The change in the area in toluene measurement as function of hour for toluene 
decontaminated water in 100 W visible light. 
 
The initial solution of naphthalene solution was 5000 μg/mL in methanol, analytical 
standard as obtained from Sigma Aldrich. 25 μg/mL naphthalene in DI water (250 mL) was 
prepared to recognize the effect of decontamination using 1g G-TiO2 nanoparticles under visible 
light with a 100 W lamp to simulate the solar light intensity of 800 W/m2. Naphthalene is 
sparingly soluble in water, so employed methanol naphthalene solution. 25 μg/mL of solution 
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was prepared and decontaminated under visible light radiation. Figure 5.3, shows 
decontamination of naphthalene under visible light in presence of G-TiO2 nano particles. There 
was only 50% reduction of naphthalene under visible light over a period of 48 h, measured using 
GC, which is shown in Figure 5.3. 
 
Figure 5.3 The change in the area in naphthalene measurement as function of hour for 
naphthalene decontaminated water in 100 W visible light. 
 
The composition of diesel in water obtained from Sigma Aldrich contains acetone, 
methanol and mineral oil type. 25 μg/mL of diesel in DI water (250 mL) was used with 1g G-
TiO2 nanoparticle. The methanol is soluble in water whereas acetone and oil are springy soluble 
in water. It is clear that without organic molecules much in contact with G-TiO2 nanoparticle, it 
is difficult to decontaminate under visible light. Figure 5.4, shows the change area of diesel 
measured as a function of time (in hours) under 100 W of visible light lamp. So, organic 
molecules present in diesel are not in contact with G-TiO2 nanoparticle displaying ∼ 40% 
reduction of diesel after 48 h of visible light irradiation. 
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Figure 5.4 The change in the area in diesel measurement as function of hour for diesel 
decontaminated water in 100 W visible light. 
 
90% of toluene, 50% of naphthalene and 40% of diesel have been remediated using G-
TiO2 nanomaterial under visible light as shown in Figures 5.2, 5.3 & 5.4. Figure 5.5 shows the 
pictorial representation for decontamination mechanism G-TiO2 with petroleum pollutants. The 
insolubility of petroleum pollutants in water brings contaminant to the surface of water thereby 
inhibiting photocatalytic effect with G-TiO2 nanoparticles. The contaminants soluble in water 
remain in contact with G-TiO2 are completely remediated.  
The results shown in Table 5.1 reveal that it is easy to remediate toluene than naphthalene 
or diesel from water. The decontamination depends upon solubility of organics in water or the 
layer of organics to remain in contact with photocatalysts. Naphthalene as well as diesel are 
sparingly soluble in water and do not remain in contact with the G-TiO2 nanomaterial whereas 
toluene remains in contact with photocatalyst. Due to lower density than water both naphthalene 
and diesel molecules stay on the surface of water. The insolubility in water as well as no contact 
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with G-TiO2 makes diesel and naphthalene to remediate partially up-to 50% and 40% than their 
initial values. 
 
Figure 5.5 Schematic for the remediation of soluble & insoluble organic compounds using G-
TiO2.  
 
Table 5.1 Comparative study of petroleum products remediation. 
Material/Method Pollutant/light source Results Ref 
TiO2 (6nm)/Sol-
gel  
 
Toluene (aqueous 
media)/UV light 
Conversion of toluene to 
CO2 was achieved upto 
55% 
[399] 
TiO2-ZnO /Sol 
gel 
Annealed at 380 
C 
Toluene (aqueous 
media)/Visible light 
 
45.7% after 2 h of light 
irradiation 
[400] 
TiO2-ZnO /Sol 
gel 
Annealed at 500 
C 
39.5% after 2 h of light 
irradiation 
N doped TiO2-
ZnO /Sol-gel 
Annealed at 380 
C 
28.6% after 2 h of light 
irradiation 
N-TiO2/ZnO /Sol 
gel 
Annealed at 500 
C 
12.9% after 2 h of light 
irradiation 
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Table 5.1 (Continued) 
Without catalyst  73.2 % after 2 h of  
visible light irradiation 
[400] 
TiO2 – 
commercial P25 
Toluene (aqueous media)/ 
UV light 
60 h to completely 
remove toluene from 
water 
[401] 
TiO2 dip coated 
on Autoclaved 
aerated white 
concrete 
Toluene (11 ppm)(air 
purification)/UV light 
86% remediated after 20 
h 
[402] 
Rutile and 
anatase TiO2/ 
commercial 
products 
Naphthalene  
(Acetonitrile/water)/ Visible 
light  
Higher efficiency than 
anatase TiO2 particles 
for converting 
naphthalene to 2-
formylcinnamaldehyde 
(is about only 
conversion) 
[403] 
TiO2 
dispersions- 
commercial P25  
Naphthalene (aqueous 
media)/Visible light 
Feasible and fast within 
30 min but for when 
naphthalene is less than 
4 ppm (no details are 
given). 
[404] 
TiO2-NiO / 
insitu – 
modified sol-gel 
Naphthalene (aqueous 
media)/Visible light & UV 
light 
1.5 to 2.5 faster than 
TiO2 (sol-gel) material 
for less than 20 ppm of 
naphthalene for time of 
more than 100 h 
[405] 
G-TiO2 /sol-gel  Toluene (aqueous media)/ 
only Visible light 
90% in one h this 
investigation 
G-TiO2 /sol-gel  Naphthalene/(aqueous 
media)/ only Visible light 
50% in 48 h 
G-TiO2 /sol-gel  Diesel 40% in 48 h 
 
5.3.2 Remediation of Organics with Surfactant  
The performance of 0.2g of photocatalyst (G-TiO2 NP, G-TiO2 NW and G-ZnO NW, G-
TiO2 seeded ZnO NW) were used on 30 ppm naphthalene in water using surfactant of sodium 
dodecyl sulfonate (20ppm) in 100 ml of deionised water. The light intensity of 800 W/m2 
generated by 30 watt bulb was used to remediate naphthalene from water. Figures 5.6(a, b) and 
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5.7 (a, b) show disappearance of UV-visible absorption peaks at 221, 286 and 321 nm from 
remediated samples.  
 
Figure 5.6 (a, b) Comparative graph of %Cn/Co vs time duration (h) for G-TiO2 nanoparticles, G-
TiO2 nanowire for naphthalene respectively.  
 
From Figures 5.6 (a, b) and Figures 5.7 (a, b), the total % of naphthalene remediated with 
surfactant have been calculated by the averaging the % of concentration ratio for 3 peaks of 
naphthalene (221, 286 and 321 nm) is found to be 98.62 % for G-TiO2 NP, 41.26 % for G-TiO2 
NW, 12.73 % for G-ZnO NW and 0 % for G-TiO2 seeded ZnO NW after 48 hours. The G-TiO2 
nanoparticles have been found to perform better than the G-TiO2 nanowires, G-ZnO nanowires 
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and G-TiO2 seeded ZnO nanowires for the decontamination of naphthalene which shows 
potential for practical applications. 
 
Figure 5.7 (a, b) Comparative graph of %Cn/Co vs time duration (h) for G-ZnO nanowire, G-
TiO2 seeded ZnO nanowire for naphthalene respectively.  
 
5.3.3 Comparison of Photocatalytic Activity with and without Surfactant 
By calculating the percentage of total organic content of naphthalene from Figure 5.6 (a, 
b) and Figure 5.7 (a &b) it can be observed that the despite employing lower weight of 
photocatalyst 0.2 g G-TiO2 NP for 100 ml of polluted water with surfactant as compared to 1 g 
of G-TiO2 NP for 250 ml of polluted water without surfactant, the % of naphthalene remediated 
with surfactant is 98.62 % as compared to 50 % remediated without surfactant for G-TiO2 
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nanoparticles. Surfactant (sodium dodecyl sulfonate) have been employed for increasing the 
solubility of petroleum contaminants, which helps contaminant to remain in contact with the 
photocatalyst. Table 5.2 shows the results produced for naphthalene decontamination with 
surfactant with G-TiO2, suggesting importance of oil pollutant to come in contact with 
photocatalyst for complete remediation 
Table 5.2 Results of visible light photocatalytic remediation of organic pollutants with and 
without the use of a surfactant. 
 
Material Pollutant % remediation 
G-TiO2 nanoparticles 
Toluene (100 µg/mL) 90% in one h 
Naphthalene (25 µg/mL) 50% in 48 h 
Diesel (25 µg/mL) 40% in 48 h 
G-TiO2 nanoparticles 
Naphthalene (30 µg/mL) 
with sodium dodecyl 
sulfonate as surfactant 
98.62% remediation after 
48 h 
G-TiO2 nanowires 
41.26% remediation after 
48 h 
G-ZnO nanowires 
12.73% remediation after 
48 h 
G-TiO2 seeded ZnO 
nanowires 
0% remediation after 48 h 
 
5.4 Conclusion  
The G-TiO2 nanoparticles were synthesized using sol-gel synthesis process and 
characterized for mass production. G-TiO2 was able to decontaminate 90% of toluene whereas 
with naphthalene revealed only 50% of reduction and diesel revealed only 40% of reduction 
from water solution. Naphthalene and diesel insolubility are reason behind the ineffective 
photocatalytic effect using G-TiO2 nanomaterial. The decontamination depends upon solubility 
of organics in water or the layer of organics to remain in contact with photocatalysts. 
Naphthalene as well as diesel are sparingly soluble in water and do not remain in contact with 
the G-TiO2 nanomaterials whereas toluene remains in contact with photocatalyst. The 
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insolubility in water as well as no contact with G-TiO2 makes diesel and naphthalene to 
remediate partially up-to 50% and 40% than their initial values.  
Based on understanding for the importance of pollutant to remain in contact with 
photocatalyst material for complete remediation, surfactant has been employed with G-TiO2 
nanoparticles to effectively remediate pollutant from water. It can be observed that despite 
employing lower weight of photocatalyst 0.2 g G-TiO2 NP for 100 ml of polluted water with 
surfactant as compared to 1 g of G-TiO2 NP for 250 ml of polluted water without surfactant, the 
% of naphthalene remediated with surfactant is 98.62 % as compared to 50 % remediated 
without surfactant for G-TiO2 nanoparticles. 
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CHAPTER 6: INVESTIGATION OF CONDUCTING POLYMER AS A  
 
NANOSTRUCTURED/POLYMER PHOTOCATALYST FOR WATER REMEDIATION7 
 
6.1 Introduction  
The TiO2 and ZnO photocatalytic nanomaterials have been extensively studied and used 
for remediation of organics under UV-radiation (200nm <wavelength (λ) < 400nm) [406-411], 
however each one have drawbacks in terms of photocorrosion and poor efficiency in generating 
electron-hole pairs under visible radiation of light (400 nm < λ <700 nm) [61, 412-414]. The 
nitrogen, silver, magnesium, aluminium, gold, platinum etc., are doped in both TiO2 and ZnO to 
overcome the photocorrosion and photocatalytic efficiency [133, 167, 345, 361, 415-419]. The 
graphene (G) doping has shown an increase in the photocatalytic behaviour and a decrease in 
photocorrosion under visible light [420, 421]. Recently, Gunti et al., have shown G doped TiO2 
and G doped ZnO are highly efficient photocatalytic materials for organic remediation in water 
[420, 421]. Further, Gunti et al. have revealed a high photocatalytic efficiency of both G doped 
TiO2 nanoparticles (G-TiO2 NP) and G doped ZnO nanowires (G-ZnO NW), due to their lower 
band gap and an increase in light absorption over other nanostructured TiO2 and ZnO materials 
[420, 421]. G-TiO2 NP and G-ZnO NW have been found to be highly suitable materials to 
                                                 
7 Portion of these results have been communicated with Journal of Environmental Chemical Engineering, Elsevier publications 
with title “The Use of Conducting Polymer to Stabilize the Nanostructured Photocatalyst for Water Remediation”, which is 
currently under review. 
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remediate methyl orange (MO) in water as shown by Gunti et al. & Yangyang et al. [82, 143, 
157, 420-423]. 
In general, G doped photocatalysts have difficulties in adhering on glass substrate due to 
their strong hydrophobic nature [424-426]. To overcome this drawback, vacuum deposition 
technique is employed to deposit G-TiO2 as well as G-ZnO, on glass substrates, which are quite 
expensive to synthesize and low-yield making it less practical for mass applications [427-429]. 
Several organic materials (polyethylene, polyvinylchloride, weak acids like acetic acid, citric 
acid etc.) are used as binders [430-436]. It has been shown that when acetic acid used as binder 
for photocatalysts to coat onto the substrates, it peels off under wet conditions in a few hours 
[420, 421]. One major technical issue of an organic acidic binder is the degradation due to 
photocatalytic activity along with pollutant from water.  
The polyaniline (PANI) as a binder material, has been introduced for G-TiO2 NP and G-
ZnO NW, which allowed to remediate the organics in water under visible light as well as to 
employ photoelectrochemical catalytic application. PANI is most studied conducting polymer, 
due to its electrochemical, electrical, optical, and processable properties [437-439]. The 
processed PANI has absorption characteristics, thereby producing an electron-hole pair similar to 
a photocatalytic material, and it enables photocurrent generation in the undoped form [440, 441]. 
Besides, the composite TiO2-conducting polymer nanocomposite materials has been recently 
studied [442-444]. PANI can be employed as a binder to coat G-TiO2 NP and G-ZnO NW on 
substrates. PANI does not only act as binder but also enhances the photocatalytic performance of 
G-TiO2 NP and G-ZnO NW nanomaterials. 
PANI was synthesized by oxidative polymerization technique [445]. Initially, emeraldine 
salt state I was synthesized, then emeraldine base was formed by undoping in sodium hydroxide 
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solution. Undoped PANI (emeraldine base) was made soluble in N-Methyl-2-pyrrolidone, and 
can be coated on any substrate. Emeraldine base in its undoped state, can be changed to 
emeraldine salt state II by doping in a protonic acid. Due to the adhesion and electrochemical 
properties of PANI in PANI:G-TiO2 NP and PANI:G-ZnO NW, now it can be used for 
photoelectrochemical catalytic applications. The PANI:photocatalyst (PC) is used generally to 
understand the  PANI:G-TiO2 NP and PANI:G-ZnO NW.  
The PANI, (1:1, 1:2, 2:1) PANI:G-TiO2 NP and 1:1 PANI:G-ZnO NW were synthesized 
and characterized using SEM, XRD, UV-vis and FTIR techniques. The photocatalytic as well as 
photoelectrochemical catalytic analysis on methyl orange (pollutant) in water was made using 
PANI:G-TiO2 NP and 1:1 PANI:G-ZnO NW nanomaterials. The ease in coating of PANI:G-
TiO2 NP and PANI:G-ZnO NW on various substrates and visible light remediation permits the 
use of such materials for remediation of organics from water and processes for practical 
applications.  
6.2 Experiment  
6.2.1 Reagents and Materials 
The chemicals such as hydrochloric acid (HCl), propanol, titanium (IV) isopropoxide, 
sodium hydroxide (NaOH), zinc oxide (ZnO) particles, zinc nitrate hexahydrate 
(Zn(NO3)2∙6H2O), hexamethylenetetramine (HMTA), methyl orange (MO),  aniline, ammonium 
persulfate (APS), acetone, methanol, N-Methyl-2-pyrrolidone (NMP) and other reagents were 
procured from Sigma-Aldrich (USA). The graphene (G) platelets of size < 20 nm in thickness 
were acquired from Angstron Materials, a commercial company in USA. All materials and 
reagents which were employed as procured without any modification or further purification 
unless specified. 
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6.2.2 Synthesis of Photocatalyst (PC) and PANI:PC  
G-TiO2 NP was synthesized using sol-gel method. Initially, G was mixed in propanol 
followed by addition of titanium (IV) isopropoxide with slow addition of HCl at room 
temperature. The precipitate was washed, centrifuged and dried at 100 oC to obtain G-TiO2 NP 
[421]. G-ZnO NW was synthesized by using a hydrothermal method using precursors of 
Zn(NO3)2∙6H2O, HMTA and G. Initially Zn(NO3)2∙6H2O and HMTA were dissolved in 
deionized water (DI) with an addition of G, and maintained at 80 oC. ZnO nanoparticles (average 
particle size of 50 nm) were added as nucleation sites for the growth of nanowires. The solution 
was washed, centrifuged, and dried at 100 oC to obtain G-ZnO NW [420].  
Table 6.1 Composition of aniline and photocatalyst (PC) in synthesis of PANI:photocatalyst 
(PC). 
 
PANI : PC Aniline PC (photocatalyst) 
1:1 PANI:G-TiO2 NP 0.9515 ml (1M/100 ml) 0.931 g of G-TiO2 NP 
1:2 PANI:G-TiO2 NP 0.9515 ml (1M/100 ml) 1.862 g of G-TiO2 NP 
2:1 PANI:G-TiO2 NP 0.9515 ml (1M/100 ml) 0.4655 g of G-TiO2 NP 
1:1 PANI:G-TiO2 NP 0.9515 ml (1M/100 ml) 0.931 g of G-ZnO NW 
PANI 0.9515 ml (1M/100 ml) - 
 
PANI:PC was synthesized by a chemical oxidative polymerization technique using 
aniline and ammonium persulfate (APS) in HCl under controlled conditions [445, 446]. Ratios of 
PANI:PC were obtained by maintaining the ratios of aniline:PC as stated in Table 6.1 for 100 ml 
of solution. Initially, 0.9515 ml of aniline was added to 50 ml of 1M HCl along with the PC 
mentioned in the Table 6.1, which was cooled at 4 oC under controlled stirring. APS (1.14g) was 
added to 50ml of 1M HCl, which was then added drop wise to the aniline:PC solution and 
maintained at 4oC for 12 hours. A dark green PANI:PC precipitate was obtained and separated 
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by vacuum filtration. The precipitate was washed with DI water, methanol and acetone to 
remove unreacted oligomers and lower molecular weight polymers, and then dried at 100 oC. the 
dried PANI:PC was emeraldine salt state 1 which was then undoped by treating with a 1M 
NaOH solution and conversion into emeraldine base. The emeraldine base of PANI:PC was 
dissolved in NMP, and coated onto a petri dish or ITO glass and dried at 70 oC. The obtained 
PANI:PC  emeraldine base films on the petri dish or ITO glass were then dedoped by 1M HCl to 
make PANI:PC films in emeraldine salt state II. Pristine PANI was synthesized with similar 
procedure without addition of any photocatalyst in the synthesis process. Table 6.1 shows 
various ratios of synthesized and studied (1:1, 1:2, 2:1) PANI:G-TiO2 NP , 1:1 PANI:G-ZnO 
NW and PANI materials for photocatalytic performance and compared with G-TiO2 NP and G-
ZnO NW.  
6.2.3 Sample Preparation and Decontamination Setup 
The photocatalytic performance was measured using 0.2 g of PANI:PC (Table 6.1) 
coated as a thin film onto a petri dish using NMP and later, dedoped using 1M HCl. In 
comparison, 0.2g of G-TiO2 NP & G-ZnO NW were coated onto a petri dish using acetic acid 
and dried at 200 oC. The photocatalytic decontamination setup consists of PANI:PC coated petri 
dish, a 30-watt light bulb with a light intensity of 800 W/m2, and 20 ppm (40 ml) MO used as an 
organic pollutant. The samples were collected from the remediating MO in intervals of one hour. 
A JASCO V-530 UV-visible spectrometer was used to measure the absorbance of MO in the 
remediated sample.  
The photoelectrochemical catalytic performance was measured using 0.04 g of 
synthesized samples of 1:1 PANI:G-TiO2 NP, 1:1 PANI:G-ZnO NW and PANI coated on ITO 
glass substrates. The coated samples were dedoped using 1M HCl. 20 ppm of MO (40 ml) and 
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0.01M HCl were used as pollutant and electrolyte, respectively. The decontamination setup for 
the photoelectrochemical catalytic application is shown in Figure 6.1 b. Steel mesh was used as 
counter electrode and 1:1 PANI:G-TiO2 NP, 1:1 PANI:G-ZnO NW and PANI coated ITO glass 
plates as the working electrode. Current (I)-voltage (V) characteristics were measured at applied 
voltage of 1V for 4 hours with and without visible light radiation. The initial concentration of 
MO in water was taken as Co at 0 hours. The percentage of concentration ratio was calculated by 
using Cn/Co with respect to time in hours. 
 
 
Figure 6.1 (a & b) Decontamination setup for photocatalytic and photoelectrochemical catalytic 
performance. 
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6.3 Results and Discussion  
6.3.1 Scanning Electron Microscopy (SEM) 
 
 
Figure 6.2 SEM image of (a) 1:1 PANI:G-TiO2 NP (b) 2:1 PANI:G-TiO2 NP (c) 1:2 PANI:G-
TiO2 NP (d) 1:1 PANI:G-ZnO NW (e) PANI at 5 micron magnification. 
 
Figure 6.2 (a, b, c, d & e) shows SEM images of 1:1 PANI:G-TiO2 NP, 2:1 PANI:G-TiO2 
NP, 1:2 PANI:G-TiO2 NP ,1:1 PANI:G-ZnO NW and PANI, respectively. In Figure 6.2 (a, b & 
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c), nanoparticles are observed for G-TiO2 in composite with PANI (polymeric structure). Figure 
6.2d observes the wrapping of nanomaterials by PANI structure. However, it appears that the G-
ZnO NW is within the PANI structure. Figure 6.2e, shows polymeric structure at 5µm 
magnification of PANI. Figure 6.2 (a, d, c& d) shows that the NP and NW are present within 
PANI’s structure. The G-TiO2 NP and G-ZnO NW have nanoparticle and nanowire structure 
respectively, which have been observed by Gunti et al. [420, 421]. 
The EDS images of 1:1 PANI:G-TiO2 NP and 1:1 PANI:G-ZnO NW undoped form are 
shown in Figure 6.3 (a & b). The presence of Ti, O, C is observed in Figure 6.3a, revealing the 
presence of TiO2, carbons in PANI & G, Na (undoped with NaOH) and Cl (initial 1M HCl in 
synthesized PANI:PC structure). Figure 6.3 b shows the presence of Zn, C, O elements due to 
presence of ZnO, G & carbon in PANI. 
 
Figure 6.3 (a & b) EDS images of undoped (a) 1:1 PANI:G-TiO2 NP (b) 1:1 PANI:G-ZnO NW. 
 
6.3.2 X-ray Diffraction (XRD) 
Figure 6.4 (a, b & c) observes the XRD spectra of 1:1 PANI:G-TiO2 NP , 1:1 PANI:G-
ZnO NW and PANI. Figure 6.4 a, shows angle (2) at 42.9, 54.2, 55.0 degrees for 1:1 PANI:G-
88 
 
TiO2 NP which corresponds to anatase phase of TiO2. Similarly, Figure 6.4b shows the XRD 
spectra of 1:1 PANI:G-ZnO NW. No characteristic diffraction angle for G or ZnO are observed 
as wrapped in of PANI structure. The XRD spectra of PANI shows quasi-crystallinity at 25.8o in 
Figure 6.4c. The absence of crystallinity for PANI- G-TiO2 NP and PANI-G-ZnO NW are due to 
wrapping in PANI, so no crystalline structure is shown in Figure 6.4. 
 
Figure 6.4 XRD pattern of (a) 1:1 PANI:G-TiO2 NP , (b) 1:1 PANI:G-ZnO NW (c) PANI. 
 
6.3.3 UV-visible Spectroscopy  
Figure 6.5a shows UV-visible spectra of PANI and PANI:G-TiO2 NP at different molar 
ratios of PANI with G-TiO2 NP. The increase in absorbance of PANI-G-TiO2 NP in visible light 
region (λ >400 nm) is due to presence of PANI in G-TiO2 NP. The 1:1 and 2:1 ratio of PANI:G-
TiO2 NP reveal  larger absorption in visible wavelength compared to 1:2 ratio of PANI:G-TiO2 
NP. The PANI with higher molar ratio than G-TiO2 NP shows better visible absorption 
magnitude. Figure 6.5b shows UV-visible spectra of 1:1 PANI:G-ZnO NW to G-ZnO NW 
similar to Figure 6.5a. There is an increase in optical absorption in visible wavelength and a 
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decrease in UV wavelength between 200 to 400 nm has been observed. Figure 6.5 (a & b) 
observes optical absorption spectra of PANI compared to G-TiO2 NP or G-ZnO NW films. The 
increase in visible wavelength (λ >400 nm) absorbance magnitude in PANI:G-TiO2 NP and 
PANI:G-ZnO NW suggests enhanced photocatalytic activity compared to G-TiO2 NP and G-
ZnO NW. 
 
Figure 6.5 (a & b) UV-visible spectra for 1:1 PANI:G-TiO2 NP, 2:1 PANI:G-TiO2 NP, 1:2 
PANI:G-TiO2 NP, G-TiO2 NP, 1:1 PANI:G-ZnO NW, G-ZnO NW and  PANI. 
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6.3.4 Fourier Transform Infrared Spectroscopy (FTIR) 
 
Figure 6.6 FTIR spectrum of (a) PANI (b) 1:1 PANI:G-TiO2 NP (c) 1:2 PANI:G-TiO2 NP (d) 
2:1 PANI:G-TiO2 NP (e)1:1 PANI:G-ZnO NW. 
 
 Figure 6.6 (a, b, c, d & e) shows FTIR spectra of dedoped PANI:PC nanocomposite 
photocatalysts. Figure 6.6 a reveals IR bands at 1258, 1374, 1523, 1635, 3125, 3259, 3622 cm-1 
due to presence of PANI. The IR bands at 1258 and 1374 cm-1 are linked to stretching of radical 
cation (-CN+.). The IR band observed at 1523 cm-1 is due to stretching of C-C in quinoid ring, 
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and band at 1635 cm-1 is due to C-C bond stretching in benzoid ring. The peaks observed at 3125 
and 3259 cm-1 are due to N-H bond stretching and the peak at 3622 cm-1 is due to O-H stretch for 
the presence of water content. There shift in the wavenumber is also observed for at different 
ratios of photocatalyst (G-TiO2 NP & G-ZnO NW) in Figures 6.6 (b, c, d & e). In Figures 6.6 (b, 
c & d) shows peaks at 400-800 cm-1 due to skeletal vibration of Ti-O-Ti. Figure 6.6 e, shows the 
peak at 420-520 cm-1 due to transverse optical stretching of ZnO bond. The characteristics IR 
peak for G which is at 1600 cm-1 is not observed due to presence of PANI which has C-C bond 
stretching at around 1635 cm-1. 
6.3.5 Decontamination Study 
 
Figure 6.7 Remediation of methyl orange using PANI: PC under visible light irradiation. 
 
 PANI:PC (Table 6.1), G-TiO2 NP , G-ZnO NW and PANI were employed to remediate 
MO under visible light with intensity of 800W/m2. Initially, 0.2 g of composite material was 
coated on petri dish and 20 ppm (40 ml) of MO was added. G-TiO2 NP remediates the MO in 
water in less than 4 hours [420]. The adhesion problem of G-TiO2 NP and G-ZnO NW on petri 
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dish has caused the loss of photocatalytic material and photocatalytic activity. Whereas, 
PANI:PC and 1:1 PANI:G-TiO2 NP show faster MO remediation within 3 hours and complete 
remediation in 5 hours as shown in Figure 6.7.  The enhanced photocatalytic activity is due to the 
presence of PANI in PANI:G-TiO2 NP.  
Table 6.2 % Remediation of MO using synthesized materials under visible light. 
Material 
G-TiO2 
NP 
1:1 
PANI:G
-TiO2 
NP 
1:2 
PANI:G
-TiO2 
NP 
2:1 
PANI:G
-TiO2 
NP 
G-ZnO 
NW 
1:1 
PANI:G
-ZnO 
NW PANI 
% 
remediation 
in hours 
100 % 
in 4 h 
100 % 
in 5 h 
99.43 % 
in 6 h 
99.43 % 
in 6 h 
90.45 % 
in 6 h 
98.84 % 
in 6 h 
98.98 % 
in 6 h 
 
 
 
Figure 6.8 Repetitive MO remediation using (a) 1:1 PANI:G-TiO2 NP (b) PANI (c) 1:1 PANI:G-
ZnO NW. 
 
Table 6.2 shows percentage of MO remediation under visible light, which has been 
correlated to Figure 6.7. The remediation of MO for 1:1 PANI:G-TiO2 NP material is well 
compared with  PANI and 1:1 PANI:G-ZnO NW for photoelectrochemical catalytic study. 
Figure 6.8 shows the plots of % concentration ratio for MO in water to understand the efficiency 
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and the recyclability of 1:1 PANI:G-TiO2 NP, PANI and 1:1 PANI:G-ZnO NW. The 1:1 
PANI:G-TiO2 NP displays higher efficiency than 1:1 PANI:G-ZnO NW and PANI. These results 
are correlated with Figure 6.5 (a & b) where 1:1 PANI:G-TiO2 NP reveals higher absorption in 
visible spectrum of light compared to 1:1 PANI:G-ZnO NW and PANI. 
6.4 Photoelectrochemical Catalytic Study 
 
Figure 6.9 Cyclic voltammetry of 1:1 PANI:G-TiO2 NP with 0.01 M HCl as electrolyte. 
 
The photoelectrochemical catalytic performance, for 1:1 PANI:G-TiO2 NP was analysed 
by coating 0.04g onto indium tin oxide (ITO) and dedoped in 1 M HCl. The 1:1 PANI:G-TiO2 
NP coated on ITO acted as working electrode and steel mesh counter electrode in two electrode 
configuration cell. The cyclic voltammetry (CV) measurements were made at various potential 
windows to understand the photoelectrochemical catalytic performance of 1:1 PANI:G-TiO2 NP 
film. Figure 6.9 shows CV study of 1:1 PANI:G-TiO2 NP in the potential range between  ±300 
mV to ±1500 mV at scan rate of 100 mV/sec. The potential greater than +1000 mV shows 
polarization effect as shown Figure 6.9. There is insignificant increase in current density after 
radiating the visible light as shown in Figure 6.10 at potential window ±1000 mV. The 
photoelectrochemical catalysis has been performed under chronoamperometry test (current vs 
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time at constant voltage application) for an hour in for potential application between +1000 mV 
to -1000 mV under with and without light. 
 
 
Figure 6.10 Cyclic voltammetry of 1:1 PANI:G-TiO2 NP with 0.01 M HCl as electrolyte with 
and without shining light. 
 
20 ppm (40ml) of MO in 0.01M HCl was used as pollutant for remediation purpose. 
Table 6.3 shows the % concentration ratio related to MO remaining in an hour under with and 
without visible light irradiation at potential between -1000 and +1000 mV. The higher 
percentage of MO has been remediated under applied potential at +1000mV. So for further 
study, +1000 mV is applied to correlate with the results of chronoamperometric measurement 
based on results from table 6.3.  
Table 6.3 % Concentration ratio of MO under constant voltage with and without application of 
light for 1:1 PANI:G-TiO2 NP. 
 
Time (hour) 1000 mV 1000 mV light - 1000 mV -1000 mV light 
0 100.00 100.00 100.00 100.00 
1 91.23 83.55 90.59 84.41 
 
The photoelectrochemical catalytic performance of 1:1 PANI:G-TiO2 NP is studied to 
compare  PANI and 1:1 PANI:G-ZnO NW under with and without light. 0.04 g of 
nanocomposite photocatalyst were similarly coated onto an ITO substrate, and 20 ppm (40ml) of 
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MO in 0.01M HCl was used as electrolyte in electrochemical studies. Figure 6.11 observes the 
maximum photoelectrochemical catalytic performance for 1:1 PANI:G-TiO2 NP which shows 
similar result studied in petri-dish for Figures 6.7 & 6.8. Electrode coated with 1:1 PANI:G-TiO2 
NP pertains 31% added remediation effect at +1000 mV with irradiation under visible light. 
Figure 6.12 shows chronoamperometric data for (a) PANI (b) 1:1 PANI:G-ZnO NW (c) 1:1 
PANI:G-TiO2 NP with 20 ppm (40ml) MO in 0.01M HCl. The current density for 1:1 PANI:G-
TiO2 NP has been found twice in magnitude after irradiation of light which correlates with the 
amount of remediated MO in Figure 6.11. 
 
Figure 6.11 Photoelectrochemical catalytic performance of PANI, 1:1 PANI:G-ZnO NW and 1:1 
PANI:G-TiO2 NP, with and without light at +1000 mV. 
 
The pH of the electrolyte used in for photoelectrochemical catalytic applications with 
MO is 2 (0.01M HCl). For practical applications, pH of natural sources i.e., Oceans, rivers and 
ponds are generally in-between 6.5-8.5 [447, 448]. If natural water sources are contaminated 
with organic materials, to apply photoelectrochemical catalysis it is important to understand the 
performance of PANI:PC material performance at pH in-between 6.5-8.5. Three electrolytes with 
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concentration of pollutant MO at 20 ppm at pH 6.5, pH 7.5, pH 8.5, have been made with 3*10-7 
M of HCl, 3*10-7 M NaOH, 3*10-6 M NaOH respectively. 
 
Figure 6.12 Chronoamperometric data (current density vs time) under 1000 mV constant voltage 
application for 4h for (a) PANI (b) 1:1 PANI:G-ZnO NW (c) 1:1 PANI:G-TiO2 NP. 
 
The photoelectrochemical catalytic performance of 1:1 PANI:G-TiO2 NP is studied to 
with and without visible light radiation at pH 6.5, pH 7.5, pH 8.5. 0.04 g of nanocomposite 
photocatalyst were similarly coated onto an ITO substrate, and 20 ppm (40ml) of MO in pH 6.5, 
pH 7.5, pH 8.5 was used as electrolyte in electrochemical study. Figure 6.13 observes the 
photoelectrochemical catalytic performance for 1:1 PANI:G-TiO2 NP which shows lower % of 
remediation of MO at pH 6.5 & pH 7.5 for application of +1000 mV for 4 hours which is due to 
inefficient electrolyte concentration. At pH 8.5, due to higher concentration of electrolyte there 
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has been higher % of MO remediation with application of +1000 mV for 4 hours. At all different 
pH (6.5, 7.5 & 8.5) in Figure 6.13 shows application of light at constant voltage of +1000 mV 
and higher % of remediated MO. This reveals that 1:1 PANI:G-TiO2 NP can be used as 
photocatalyst material when the pH is closer to neutral and photoelectrochemical catalytic 
application when the polluted water has acidic or basic pH. 
 
Figure 6.13 Photoelectrochemical catalytic performance of 1:1 PANI:G-TiO2 NP, with and 
without light at +1000 mV for 20 ppm (40ml) MO in pH 6.5, pH 7.5, pH 8.5. 
 
6.4.1 Reaction Mechanism  
The visible light photocatalytic mechanism of PANI:G-TiO2 NP composite is shown in 
Figure 6.14. Under visible light irradiation in PANI:G-TiO2 NP structure, the presence of PANI 
shows absorption in the visible light resulting into the electron- hole pair generation due to π 
(HOMO)-π*(LUMO) transition. The conduction band of G-TiO2 and LUMO orbital in PANI 
allow the excited electrons from π* (LUMO) orbital which transit into the conduction band of G-
TiO2 NP. Further, it reacts with oxygen to yield O2
- radical which degrades MO. The hole 
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generated at π (HOMO) orbital in PANI as well as valance band in G-TiO2 NP reacts with water 
leading to the formation of radical OH., which degrades MO into carbon dioxide (CO2) and water 
(H2O). The enhancement of photocatalytic of PANI:G-TiO2 NP can be mainly attributes to rapid 
migration of charge carriers due to the presence of interface between PANI and G-TiO2. 
 
Figure 6.14 Visible light photocatalytic mechanism of PANI:G-TiO2 NP for remediation of 
methyl orange. 
 
Figure 6.15 shows the schematic of photoelectrochemical catalysis process using 
PANI:G-TiO2 NP for remediation of MO  in acidic or basic medium. ITO glass coated with 
PANI:G-TiO2 NP when applied with external potential along with irradiation of visible light 
could observe oxidative and reduction (redox) reactions transpiring into the degradation of MO 
due to the visible light photonic excitations, but also due to the applied potential, there will be 
the reduction reactions over counter electrode . If applied potential is greater than 1.2 V, there 
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will be formation of H2 near counter electrode or if applied potential is <1.2 V, there will be 
reduction of oxygen into O2
- radical, in both cases there is further enhancement of degradation of 
pollutant as this decreases the photocorrosion in the PANI:G-TiO2 NP nanomaterial. 
 
Figure 6.15 Schematic of photoelectrochemical catalysis process using PANI:G-TiO2 NP/ITO 
glass electrode for remediation of methyl orange. 
 
6.5 Conclusion  
The PANI:photocatalyst (PC) nanomaterial was synthesized by oxidative polymerization 
technique and undoped PANI:PC in NMP solvent was coated  on various substrates (ITO coated 
glass or petri dish). The PANI:PC nanomaterial was used to remediate MO in water. PANI 
composite with PC (G-TiO2 or G-ZnO) has revealed enhanced photocatalytic performance under 
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visible light. 1:1 PANI:G-TiO2 NP shows  improved photocatalytic performance by remediating 
100% of MO in nearly 5 h under visible light. The stability of PANI:PC films over petri dich has 
enabled to use the material for photoelectrochemical catalytic application. 1:1 PANI:G-TiO2 NP 
shows added 31% remediation of MO in water at potential of +1000 mV. The PANI:PC material 
could be used for remediation of organics through photoelectrochemical catalytic process which 
could drastically reduce the cost by not employing a separate photocatalytic reactor setup for 
house hold as well as industrial applications. 
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CHAPTER 7: CONCLUSION  
 
The main goals of this dissertation are (1) to enhance the photoactivity of photocatalytic 
materials under visible spectrum of light, thus enabling it to use natural available energy (solar 
light) saving huge amount of resources (2) enabling the use of surfactants along with new 
photocatalyst to further increase the rate of decontamination of organic pollutant (3) to overcome 
the issues of binder material by introducing conducting polymer into the photocatalyst thus 
further enabling the material to be used not only for just photocatalytic activity but also for 
photoelectrochemical catalytic applications in visible spectrum of light have been achieved.  
Pristine TiO2 nanowires have been synthesized through simple hydrothermal technique, 
where size of TiO2 nanowires are around 50-500 nm in diameters and 500 nm -3000nm in length 
which were observed in through SEM. Several doping materials (BN, boric acid, MoS2, Ag and 
G) have been introduced onto TiO2 NW and photocatalytic performance have been observed. G 
doped TiO2 NW shows highest photocatalytic activity over other doped TiO2 NW for 
remediation of MO from water under visible light radiation. Sol-gel synthesis have been 
employed to obtain nanoparticle structures of TiO2 with graphene doping, typically graphene 
structure is covered by TiO2 NP with size of nanoparticles observed in-between 20-50 nm. Sol 
gel G-TiO2 nanoparticles have superior photocatalytic properties than G-TiO2 NW 
(hydrothermal), TiO2 NW (hydrothermal) and TiO2 NP (sol-gel) and commercially available P25 
under visible light. The photocatalytic remediation of MO has been completed in less than 4 h 
for G-TiO2 NP. 
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Various nanostructures of ZnO were synthesized using precipitation and hydrothermal 
methods. ZnO NP ranging from 40-60 nm in both undoped and doped (G) condition were 
synthesized using precipitation method where particle size measurement correlates to the size of 
particles. The use of surfactant ‘HMTA’ allows to synthesize controlled size ZnO NW based 
structures for ZnO NW & G-ZnO NW where sizes varied from 50-150 nm in diameter and 800-
900 nm in length. The formation of thinner ZnO nanowire with TiO2 as seeding layer with 
diameters in-between 40-100 nm and length 400-500 nm are observed. The peaks obtained 
through XRD correspond to hexagonal ZnO structure with crystallographic (100), (002), (101), 
(102), (110) and (103) directions. The diffraction peak of G at 26.5o has been clearly identified 
for G in the hexagonal ZnO structures, and further confirmed the presence of G using FTIR 
measurement. The improved photocatalytic activity of G-ZnO NW is mainly due to G doping 
which decreases the bandgap energy and reveals an increase in the absorbance under visible 
spectrum of light. The MO remediation in water using G-ZnO NW is understood through band 
diagram, which divulges the visible light remediation of organic in water. 
The G-TiO2 nanoparticles have been synthesized using sol-gel synthesis process and 
characterized for mass production. The particle distribution has been studied in water, which 
shows the agglomeration from 100 nm to 1 µm size particle. G-TiO2 was able to decontaminate 
90% of toluene whereas with naphthalene shows only 50% of reduction and diesel reveals only 
40% of reduction from water solution. Naphthalene and diesel insolubility is reason behind the 
ineffective photocatalytic effect using G-TiO2 nanomaterial. The mechanism of petroleum-based 
contaminant has been understood using G-TiO2 nanocomposite material. Comparison have been 
made for toluene and naphthalene remediation using different types of TiO2 synthesized 
photocatalyst material with G-TiO2 nanoparticle material. The decontamination depends upon 
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solubility of organics in water or the layer of organics to remain in contact with photocatalysts. 
Naphthalene as well as diesel are springily soluble in water and do not remain in contact with the 
G-TiO2 nanomaterials whereas toluene remains in contact with photocatalyst. Due to lower 
density than water both naphthalene and diesel molecules stay on the surface of water. The 
insolubility in water as well as no contact with G-TiO2 makes diesel and naphthalene to 
remediate partially up-to 50% and 40% than their initial values.  
Based on understanding the importance of pollutant to remain in contact with 
photocatalyst material for complete remediation, surfactant (sodium dodecyl sulphonate) has 
been employed with G-TiO2 nanoparticles to effectively remediate pollutant from water. It can 
be observed that the despite employing lower weight of 0.2 g G-TiO2 NP for 100 ml of polluted 
water with surfactant as compared to 1 g of G-TiO2 NP for 250 ml of polluted water without 
surfactant, the % of naphthalene remediated with surfactant is 98.62 % as compared to 50 % 
remediated without surfactant for G-TiO2 nanoparticles.  
The PANI:photocatalyst (PC) nanomaterial was synthesized by oxidative polymerization 
technique and undoped PANI:PC in NMP solvent was coated  on various substrates (ITO coated 
glass or petri dish). The PANI:PC nanomaterial was used to remediate  MO in water. PANI 
composite with PC (G-TiO2 or G-ZnO) has shown enhanced photocatalytic performance under 
visible light. 1:1 PANI:G-TiO2 NP shows  improved  photocatalytic performance by remediating 
100% of MO in nearly 5 h under visible light. Besides, PANI has enabled the photo-catalytic 
properties due to generation of electron- hole pair under visible light. The stability of PANI:PC 
films over petri dich has enabled to use the material for photoelectrochemical catalytic 
application. 1:1 PANI:G-TiO2 NP shows added 31% remediation of MO in water at potential of 
+1000 mV. The PANI:PC material can be used to remediate organics through 
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photoelectrochemical catalytic process which could drastically reduce the cost by not employing 
a separate photocatalytic reactor setup for house hold as well as industrial applications. 
7.1 Future Work 
The photocatalytic study using enhanced photocatalyst (G doped TiO2 and G doped ZnO) 
should be employed for air purification application and disinfection of various micro bacterial 
organisms. Additional study is required for optimization of graphene doping onto metal oxide 
(TiO2 and ZnO), surfactant and ratio in-between PANI to metal oxide (TiO2 and ZnO) employed 
for remediation of organic pollutants. This optimization process will lead to provide the best 
experimental conditions. Understanding of colloidal interface science for employment of various 
organic/bio surfactants and study for investigation of various conducting polymers for 
photocatalytic and photoelectrochemical catalytic activities for cost effective remediation. Study 
is needed to perform long-term tests to check reusability and large scale testing using the G 
doped TiO2 and G doped ZnO photocatalyst for optimization, scale up and cost effectiveness. 
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